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Recent advances in the use of thermal proxies provide a window into how faults slip 
during earthquakes. Faults have a similar large-scale structure with a fault core, where 
earthquakes nucleate, and a surrounding damage zone, but complexities in fault zone architecture 
and rheology influence earthquake propagation. For example, changes in thickness of slipping 
layers in the fault core, compositional heterogeneity, and fault surface topography can influence 
fault strength and either facilitate or arrest a rupture. A further barrier to our understanding of 
earthquake behavior is in constraining the frictional energy that goes into the earthquake energy 
budget. Earthquakes can propagate when the energy available at the rupture tip is greater or 
equal to the energy being expended through radiation of seismic waves, permanent deformation 
within the process zone, and heat through friction. By quantifying the total energy involved in 
coseismic slip we can gain a more complete picture of the energy required for rupture 
propagation and how this may vary across faults. Although fracture and radiated energy can be 
constrained seismologically, thermal energy requires quantification by other means, and up until 
recently only few estimates existed for frictional energy. 
In this thesis I utilize biomarker thermal maturity to quantify temperature rise across 
multiple faults and explore what this can tell us about earthquake behavior. In chapters two 
through four, I focus on three large faults of varying structural and rheological complexity. 
Beginning with the Muddy Mountain thrust of southeast Nevada in Chapter two, I identify 
thermal evidence of coseismic slip in principal slip zones (PSZs) along this exhumed fault. I 
 
 
show that considerable heterogeneity in the thickness of slipping layers occurs a long a fault and 
that this has a large effect on coseismic temperature rise and hence fault strength, due to the 
effect of high temperature dynamic weakening mechanisms. In Chapter three, I move on to the 
creeping central deforming zone of the San Andreas fault, and show that it has experienced many 
large earthquakes that are clustered in a 4 m-wide zone adjacent to an actively creeping region. 
This work shows that the central San Andreas fault and other creeping faults can host seismic 
slip and should be included in seismic hazard analyses. Furthermore, I demonstrate the potential 
of K/Ar dating as a tool to constrain the age of earthquakes and find that these central San 
Andreas fault events are as young as ~3.3 Ma. In Chapter four, I focus on the Hikurangi 
Subduction zone, which has hosted large earthquakes and regular slow slip events in the past. 
Here, using drill core collected through the Pāpaku fault, a splay fault of the Hikurangi 
megathrust, I find evidence of temperature rise in the fault zone and deep hanging wall. Coupled 
forward models of heat generation and biomarker reaction kinetics estimate that displacement 
during these earthquakes was likely 11 – 15 m. These and other splay faults along the margin 
may pose considerable seismic and tsunami hazard to near-shore communities in the North 
Island of New Zealand.  
In Chapter five I explore what we have learned about fault behavior from biomarkers and 
other thermal proxies. I include measurements from five new faults and compile observations 
and measurements from past studies to explore how coseismic slip is localized across fault zones 
and put together a database of frictional energy estimates. Coseismic slip can broadly be 
described by two different scales of earthquake localization and that this is a function of total 
displacement, and to a lesser extent, material contrast across the fault. I see that frictional energy 
is relatively similar across faults of different displacement, depth, and maturity, and conclude 
 
 
that frictional energy is limited by the onset of dynamic weakening. Finally, I put together 
constraints on the energies involved in the budget to produce the first complete view of the 
earthquake energy budget and provide estimates of the total energy required for earthquake 





Table of Contents 
List of Figures ............................................................................................................................. v 
List of Tables ........................................................................................................................... xvi 
Acknowledgements ................................................................................................................xviii 
Chapter 1: Introduction ............................................................................................................. 20 
Chapter 2: Hot on the Trail: Coseismic Heating on a Localized Structure along the Mountain 
Fault, Nevada ............................................................................................................................ 27 
2.1 Introduction ..................................................................................................................... 27 
2.2 Background ..................................................................................................................... 31 
2.2.1 Fault architecture and spatial heterogeneity............................................................... 31 
2.2.2 Organic thermal maturity .......................................................................................... 32 
2.2.3 Geology of the Muddy Mountain thrust .................................................................... 34 
2.3 Methods .......................................................................................................................... 36 
2.3.1 Sample collection ..................................................................................................... 36 
2.3.2 Laboratory procedures .............................................................................................. 37 
2.4 Structural description ...................................................................................................... 37 
2.4.1 Damage zone ............................................................................................................ 37 
2.4.2 Fault core ................................................................................................................. 39 
2.4.3 Mixed breccia ........................................................................................................... 40 
2.5 Thermal maturity results .................................................................................................. 42 
2.6 Temperature modeling and error estimates ...................................................................... 44 
2.7 Frictional work estimates ................................................................................................. 50 
ii 
 
2.8 Discussion ....................................................................................................................... 52 
2.8.1 Rupture area ............................................................................................................. 54 
2.8.2 Thickness and temperature rise ................................................................................. 55 
2.8.3 Fault geometry and temperature rise ......................................................................... 57 
2.8.4 Implications for slip localization ............................................................................... 58 
Chapter 3: History of earthquakes along the creeping section of the San Andreas fault .............. 61 
3.1 Introduction ..................................................................................................................... 61 
3.2 Coseismic Temperature Rise and the Chemistry of Faults................................................ 64 
3.3 Earthquake Evidence at SAFOD ...................................................................................... 66 
3.4 How large were the earthquakes in the creeping section? ................................................. 67 
3.5 When did earthquakes occur in the creeping section? ...................................................... 70 
3.6 Implications and conclusions ........................................................................................... 74 
Chapter 4 - Evidence of seismic slip on a large splay fault in the Hikurangi subduction zone .... 76 
4.1 Introduction ..................................................................................................................... 76 
4.2 Background ..................................................................................................................... 79 
4.2.1 The Pāpaku fault ....................................................................................................... 79 
4.2.2 Biomarker paleothermometry on faults ..................................................................... 79 
4.3 Thermal maturity in the Pāpaku fault ............................................................................... 82 
4.3.1 Footwall thermal maturity ......................................................................................... 85 
4.3.2 Fault zone thermal maturity ...................................................................................... 85 
4.4 Thermal modeling coseismic temperature rise ................................................................. 86 
4.5 Pāpaku fault earthquakes ................................................................................................. 90 
iii 
 
4.5.1 Constraints on possible earthquake displacements..................................................... 90 
4.5.2 Earthquake displacement distributions ...................................................................... 92 
4.5.3 Implications for seismic slip along splay faults ......................................................... 93 
4.6 Conclusions ..................................................................................................................... 96 
Chapter 5: What have biomarkers taught us about faults? Hot takes on slip localization and the 
earthquake energy budget .......................................................................................................... 97 
5.1 Introduction ..................................................................................................................... 97 
5.2 Coseismic temperature rise and biomarker paleothermometry ......................................... 99 
5.3 Thermal evidence of coseismic slip in faults .................................................................. 100 
5.3.1 Marin Headlands .................................................................................................... 101 
5.3.2 Spoleto thrust ......................................................................................................... 102 
5.3.3 Monte Maggio fault ................................................................................................ 102 
5.3.4 Nankai normal fault ................................................................................................ 104 
5.3.5 Hundalee fault ........................................................................................................ 104 
5.4 Where do earthquakes localize? ..................................................................................... 105 
5.5 Earthquake Energy Budget ............................................................................................ 113 
5.6 Conclusions ................................................................................................................... 117 
References .............................................................................................................................. 119 
Appendix A ............................................................................................................................ 145 
Appendix B ............................................................................................................................. 150 
Appendix C ............................................................................................................................. 161 








List of Figures 
Figure 2-1: Map showing the location of the Muddy Mountains in southeast Nevada (left) and 
overview photo of the field site (right). At Muddy Mountain, Paleozoic dolostone (HW) is being 
thrust above Jurassic Sandstone (FW) at the Muddy Mountain thrust. Outcrop locations of the 
fault are indicated by the solid red line. 
Figure 2-2: Structure of phenanthrene and the isomers of methylphenanthrene (x-MP) used to 
calculate thermal maturity. Methyl group positions (a,b) are indicated on the phenanthrene 
molecule and are color-coded based upon stability. Red positions, b, indicate configurations that 
are more stable at high temperature (e.g. 3 and 2MP), while blue positions, a, indicate less stable 
configurations (e.g. 9 and 1MP). 
Figure 2-3 - Geological map of the Muddy Mountain region after Beard et al. (2007) with 
topography from the USGS (2012). Contour interval is 40 feet. Inset shows a close up of the 
study area with the location of transects sampled along fault and strike and dip measurements 
with Baseline Formation-Aztec Formation contact mapped during this study (does not appear on 
regional USGS map). The cyan line is the section of the Muddy Mountain that is dipping more 
shallowly, demonstrating a more flat-ramp geometry. 
Figure 2-4 - Vertically exaggerated schematic of the Muddy Mountain thrust (top) with the 
location of sampled transects indicated. Grey lenses are locations where slivers of dolostone have 
been incorporated into the footwall. Photos A – F below show main structural features and 
lithological units. Bold red lines represent the indurated cataclasite while dashed red lines are 
other distinct surfaces observed separating gouge layers. White coloration on the surface of the 
outcrop is a weathering feature. The transects are as follows: A) highly weathered MT12, B) 
transect MT7 showing the mixed breccia unit, C) MT9 with multiple gouge layers, separated by 
parting surfaces, and a localized cataclasite layer, D) transect MT11 showing relatively simpler 
structure with a single gouge layer overlain by chaotic gouge, E) MT13 displaying similar 
structures to transect MT11, and F) MT14, the southwestern most transect. 
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Figure 2-5: Plane polarized (A-B) and SEM photomicrographs (C-E) of fault core material. Red 
dashed lines indicate the base of the fault core. A – base of the sub-millimeter indurated 
cataclasite layer present in MT11, note that top of this layer was not preserved in thin section. B 
– basal foliated gouge layer in transect MT7. C, D, and E – SEM images from the indurated 
cataclasite layer in MT11. While the majority of the cement is calcite, C and D show bright iron 
rich gouge that infills fractures in dolostone clasts within the gouge and is injected into a large 
sliver of dolostone in the footwall, while E demonstrates the transition from the indurated 
cataclasite layer to footwall material. 
Figure 2-6: Plots of MPI-4 versus distance from the primary slip layer for all transects and their 
location along the Muddy Mountain thrust. Solid red lines indicate where we see an indurated 
cataclasite layer, in the absence of this layer dashed red lines represent the basal gouge layer. 
Thin stippled red lines are smaller subsidiary faults and grey dashed lines indicate the 
background range of thermal maturities. 
Figure 2-7: A) Best fitting modeled MPI-4 profiles for MT11 and MT13 with distance from the 
slipping layer. Each grey line is a modeled profile that successfully reproduces the measured 
thermal maturity within the two-sigma measurement uncertainty. The red line is the mean 
thermal maturity of these models. Blue circles are field measurements of thermal maturity, 
dotted lines are the two-sigma uncertainty for the background thermal maturity of the parent 
rock, and black dashed lines indicate half-width of the slipping layer. B) The mean temperature 
profile (red line) that corresponds with the adjacent thermal maturity profile. Grey lines represent 
the maximum temperature profiles which produce MPI-4 profiles within two sigma of the 
measured value. Grey lines represent the maximum temperature in each of the successful models 
in panel A. 
Figure 2-8: Evolution of MPI-4 as a function of earthquake size for sequences of three 
earthquakes resulting in 4.5 m of total slip. Each colored line represents a different sequence of 
events with different slips. Large events dominate the thermal maturity signals, while small 
events have negligible effect, in particular in sequences with larger events. It can be seen that 
while the total slip for each sequence is the same, the final MPI-4 is different for each event. 
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Figure 2-9: Thermal maturity (A) and temperature rise (B) for a 0.8 mm thick slip layer 
(consistent with what is observed in MT11 and 13) for different slip velocities. This plot shows 
that slip velocities of at least 0.1 m/s are required for methylphenanthrene reaction and that 
slower slip velocities e.g. aseismic creep or slow slip events, are insufficient to generate a 
heating signal. 
Figure 2-10: A) thermal maturity and B) maximum temperature plotted against fault half-width 
resulting from frictional work of different values along different fault thicknesses, which clearly 
demonstrates the dependence of thermal maturity and temperature rise on fault width. 
Figure 2-11: The minimum frictional work required to begin reacting methylphenanthrene (dark 
red solid line) in fault zones of different thicknesses as determined from thermal models. This 
corresponds to a temperature rise of ~500°C. Vertical dashed lines are the thickness of Principal 
slip zones samples in transects at Muddy Mountain. The orange shaded region shows the 
frictional work determined from the MPI-4 values for MT11 and MT13, while the dotted grey 
lines and translucent shaded region bound the two-sigma error of the modeled frictional work. 
The blue region indicates the conditions where no methylphenanthrene reaction is observed 
under the stress and displacement conditions used during modeling. 
Figure 2-11: The minimum frictional work required to begin reacting methylphenanthrene (dark 
red solid line) in fault zones of different thicknesses as determined from thermal models. This 
corresponds to a temperature rise of ~500°C. Vertical dashed lines are the thickness of Principal 
slip zones samples in transects at Muddy Mountain. The orange shaded region shows the 
frictional work determined from the MPI-4 values for MT11 and MT13, while the dotted grey 
lines and translucent shaded region bound the two-sigma error of the modeled frictional work. 
The blue region indicates the conditions where no methylphenanthrene reaction is observed 
under the stress and displacement conditions used during modeling. 
Figure 3-1: Overview of the San Andreas fault and SAFOD. A) Map of the San Andreas fault in 
California showing the locked (orange) and creeping (yellow) sections. Black lines indicate other 
active faults. B) and C) cross sections of drilling at SAFOD modified from Zoback et al. (2011). 
Green indicates the Salinian block and grey is the San Andreas fault zone. The blue line is the 
path of SAFOD drilling and yellow boxes are where core was collected. Lithologies within the 
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SAFOD core consist mostly of rocks derived from the Great Valley Sequence, which is 
comprised of forearc siltstones, shales, and mudstones (Figure 3-1D; Bradbury et al., 2011; 
Dickinson et al. 1972; Holdsworth et al., 2011; Zoback et al., 2011).  D) Photograph of core 
retrieved during SAFOD. The SDZ and CDZ contain serpentine, the alteration of which has led 
to an enrichment in saponite and frictionally weak behavior in each zone (Carpenter et al., 2011; 
Lockner et al., 2011). This section contains a black fault rock (BFR) consisting of highly 
deformed ultracataclasite and the western side of the actively creeping SDZ. A large block of 
serpentinite, as well as calcite veins can be seen in the SDZ. 
Figure 3-2: Measured thermal maturities and ages along the SAFOD core. A) MPI4 index, 
analytical uncertainties are smaller than the symbol size. B) K/Ar ages, error bars represent the 
two-sigma standard deviation calculated from replicate measurements, and C) Schematic 
SAFOD lithology, modified from Bradbury et al. (2015). Purple shaded regions are the SDZ and 
CDZ, while the yellow shaded area is a region of high thermal maturity from many earthquake 
events. Breaks in the plot axis are gaps between cored sections (yellow boxes in Fig. 1C). D) and 
E) Photomicrographs of slip layers in the black fault rock (BFR) shown in blue in C). Slip layers 
are outlined by the white dashed lines. A gypsum plate is inserted in E). 
Figure 3-3: Modeled temperature rise and possible SAFOD earthquake displacements. A) PDFs 
of maximum temperature experienced by each reacted sample. 95% confidence interval limits 
are indicated by solid lines in the tails of each distribution. The width of these pdfs is largely due 
to uncertainties in MPI4 kinetics (table 3-1). B) Possible earthquake displacements for the µ = 
0.1 (blue) and µ = 0.2 case (green). Dotted lines in each plot represent the most probable 
temperature rise and displacement experienced by each sample. 
Figure 3-4: Results of laser heating experiments and age modeling for the earthquake heating 
conditions inferred at SAFOD. A) Fraction of argon released as a function of temperature during 
~10 s laboratory heating experiments. B) Measured (green) and median modeled reset ages for 
an earthquake that occurred yesterday(blue). The difference in time between the modeled reset 
age and measured age is the time that has elapsed since the earthquake. It is important to note 
that the range of modeled reset ages span the age-space shown here, for all earthquake and 
kinetic parameters outlined in table 3-1 and this variation is incorporated in C. Error bars on the 
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measured values are the two-sigma standard deviations from replicate measurements. C) 
Earthquake age pdfs for each of the thermally mature samples in SAFOD, plotted as the 
distribution of residual age (measured minus modeled). Negative residuals are truncated. The red 
dotted line is a sample’s measured age. The yellow shaded region is the time span required to 
move the BFR from the southern San Andreas fault to its present-day position, calculated using 
the slip rate of the southern end of the central San Andreas fault. 
Figure 4-1: Overview of the northern Hikurangi subduction zone. A) Map showing the location 
of the northern Hikurangi subduction zone sites drilled during IODP EXP375. The 1947 Tolaga 
Bay (north) and Poverty Bay (south) earthquakes are indicated by yellow stars. B) Seismic 
profile along line A-A’ in A) showing structure of the deformation front, modified from Barker 
et al. (2018). The yellow star in B) marks the hypocenter of the 1947 Poverty Bay earthquake. 
Figure 4-2: A, B, C) Maturity profiles for 	" 37 	% ′, CPI, and alkenone concentration. Points 
are color coded based upon location in the fault. Error bars are the two-sigma analytical 
uncertainty. The grey dotted line is earthquake detection threshold. It is absent in c) because it is 
below zero due to the background variability and analytical error of alkenones at the Pāpaku 
fault. Any samples that plot to the right of this line are possible heating signals. The red shaded 
regions are locations where evidence of coseismic heating has been identified. D, E, F) 
Cumulative distribution functions for	CPI, "37%′, and alkenone concentration comparing U1518 
with their background populations. The 99.5% confidence interval, including the analytical 
uncertainties, of the fault zone background is shown in blue and the mean is indicated by the 
dashed line. 
Figure 4-3: Core photos of the four samples in the fault zone demonstrating evidence of 
reaction. All core images show clear evidence of deformation. The dashed line in B) represents a 
transition from more brittlely-deformed material above to a region of ductile deformation below. 
Figure 4-4: Modeling procedure to determine temperature rise and displacement for reacted 
samples. A) Modeling heat generation and diffusion across a fault from the beginning (t0) to end 
(t1) of sliding. B) Forward modeling temperature rise and biomarker reaction by coupling time 
and temperature conditions from A) with the reaction kinetics for each biomarker. C) Identifying 
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the biomarker reaction profiles that are consistent with the measured values for the reacted 
samples and that result from temperatures below the melting point (MP) of clay. 
Figure 4-5: Biomarker reaction with displacement for slip velocities of 0.2 and 1 m/s and 
reaction in the fault zone and footwall. Grey shaded regions show the range of background 
maturities for each biomarker. Red shaded areas show the measured range of thermal maturities 
in thermally altered samples from the fault. For 	"37%′ and alkenone concentration, where 
reaction was not observed, the red dashed line indicates the minimum amount of reaction 
required to produce a thermal maturity signal above background. Yellow shaded regions 
represent maturities and hence displacements that are consistent with our measurements and are 
used to constrain minimum bounds on displacement. The variability in alkenone concentration 
means that we cannot constrain displacement as any reaction that occurs will lead to alkenone 
concentrations that fall within the background range. The overlap of yellow areas in A), C) and 
E) or B), D) and F) indicate the range of slip values allowed by the biomarker results for slip 
velocities of 0.2 and 1 m/s, respectively. 
Figure 4-6: Probability density functions for each sample that shows evidence of reaction plotted 
according to slip velocity. The shaded grey region indicates samples from the fault zone. The y-
axis is the same for all PDFs. 
Figure 5-1: Photos of some of the faults included in this compilation. a) cataclasite layers and 
PSZ from the fault core of the Marin Headlands thrust b) Hanging wall and fault surface of the 
Spoleto thrust, cylindrical holes are sampling locations, c) footwall and fault surface of the 
Monte Maggio fault, d) A strand of the Hundalee fault. 
Figure 5-2: Biomarker thermal maturity results for the faults measured for this study. Higher 
thermal maturity indicates higher temperature. a) – d) profiles of thermal maturity with distance 
from the slipping layer. e) the thermal maturity for each fault strand and respective background 
sample within the Hundalee fault zone. The width of the fault core here is 5 m and fault strands 
are located 0.5 – 1 m apart (Williams et al., 2018). 
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Figure 5-3: Fault core structure end members: a) Type I - a single coseismically slipping PSZ 
and surrounding narrow fault core, b) Type II - multiple coseismically slipping PSZs distributed 
throughout a broad fault core. 
Figure 5-4: Faults sorted by fault core thickness and number of PSZs. Fault symbol color is 
based upon whether faults involve contrasting lithology, a single lithology, or contain 
pseudotachylyte. Symbol shape corresponds to thicker and thinner fault cores. Faults are 
organized left-to-right in order of their estimated total displacement 
Figure 5-5: Frictional energy plotted against a) depth and b) displacement. 
Figure 5-6: Plots of different components of the earthquake energy budget versus event 
displacement. EG is the fracture energy calculated from seismic source spectra, ER is the radiated 
energy, and EF is the frictional energy. ER and G’ are from Ye et al. (2016). EF is either 
calculated here from biomarker thermal maturity in the studies shown in table 5-2. Bars on 
frictional energy represent the range of displacement and EF for each event. Etot is the total 
energy with displacement calculated using the line of best fit from each of the energy 
components. 
Figure 5-7: Schematic of the earthquake energy budget for small and large events with ranges 
for each component added. The bold line indicates stress drop as a function of slip and each 
quadrant represents the partitioning of energy into radiated (ER), fracture (EG), and frictional 
energy (EF). 
Supplementary Figure A-1: distance from an actively slipping zone that heat can diffuse as a 
function of slip duration. Colored lines represent different thermal diffusivities and the red line 
indicates the thermal diffusivity used to model temperature rise for the Muddy Mountain thrust. 
The range of possible slip duration for the Muddy Mountain thrust is indicated by the grey box 
and corresponds to a diffusion length of the order of 1 mm, consistent with the thickness over 
which we see heating in our hot transects MT11 and 13. For comparison the slip duration for the 
2011 Tohoku event is shown as the orange bar (Yagi & Fukahata, 2011). 
Supplementary Figure A-2: summary of Muddy Mountain background thermal maturities. A) 
Histograms of thermal maturities used to calculate background. B) All background thermal 
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maturities plotted as a function of distance from the slip layer. Orange points correspond to 
samples from the foot wall, while blue represent hanging wall samples. 
Supplementary Figure A-3: Box and whisker plots of all background thermal maturity values 
binned according to distance from the slipping layer. Boxes are the 25% to 75% range and red 
line is the median. Whiskers demonstrate the range of data while the red cross is an outlier 
(greater than 2.7 sigma from the mean). 
Supplementary Figure A-4: mean temperature rise plotted using the thermal properties for 
dolostone (blue) and sandstone (orange) for transects MT11 and MT13 which experienced 
heating. 
Supplementary Figure B-1: n-alkane carbon preference index (CPI, C26 – C35) measurements 
made on the first sampling round of SAFOD samples. Purple shaded regions are the SDZ (top) 
and CDZ (bottom). CPI decreases with increasing temperature. CPI is low in SAFOD samples, 
mostly hovering around 1, indicating they have reached maximum maturity. 
Supplementary Figure B-2: Alkane distribution index (ADI) measurements made on the first 
sampling round of SAFOD samples. Purple shaded regions are the SDZ (top) and CDZ (bottom). 
ADI decreases with increasing temperature. Samples are at or approaching the maximum value 
(~1.5) for ADI. 
Supplementary Figure B-3: 17a(H),21b(H)-homohopane 22SR ratio (22S/ [22S+22R]) 
measurements made on the first round of on the first sampling round SAFOD samples. This ratio 
increases with increasing thermal maturity. All samples along the core are approaching 
maximum for the C31 22SR hopane index (~0.6, dashed lines) from burial heating. 
Supplementary Figure B-4: hopane/moretane index (hopanes/[hopanes + moretanes]) 
measurements made on the first sampling round of SAFOD samples. This parameter decreases 
with increasing thermal maturity. Most samples are approaching their maximum value (0.1, 
dashed line).  Hopanes are (22S + 22R) 17a(H),21 b(H)-homohopanes (C31 hopanes) and 
moretanes are (22S+22R) 17b(H), 21a(H)-homohopanes (C31 moretanes). 
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Supplementary Figure B-5: C29 SR-sterane index (20S/20S+20R) measurements made on the 
first sampling round of SAFOD samples. This ratio increases with increasing temperature. Most 
samples are at or approaching the maximum value of 0.5 for this particular sterane ratio. 20SR 
sterane index calculated from the 20S and 20R 5a(H),14a(H),17a(H) C29 regular steranes. 
Supplementary Figure B-6: Biomarker thermal maturity parameters sensitive to coseismic 
temperature rise at SAFOD conditions. Panels shows the stable (red) and unstable (blue) isomers 
of each biomarker. A) Methylphenanthrene structural isomes and the methylphenanthrene index 
(MPI-4). B) C29 Steranes a and b isomers and the sterane index (SI).  aaa -Ster: 20S + 20R 
5a(H),14a(H),17a(H) C29 regular sterane, abb-Ster: 20S + 20R 5a(H),14b(H),17b(H) C29 
regular sterane. 
Supplementary Figure B-7: Plot of sterane index along the core, includes replicate 
measurements of samples split prior to crushing and extraction. Purple shaded regions are the 
actively creeping Southern and Central deforming zones. The grey shaded zone represents the 
background maturity of steranes at SAFOD. Due to the higher source dependence of steranes, the 
high values in the sandstone at 3152 m is likely an effect of different lithology. 
Supplementary Figure B-8: Thickness information from and west of the BFR. A) Thickness 
with distance along the core. B) thickness distribution calculated using measurements and 
applied in temperature models. 
Supplementary Figure B-9: Measured apparent age plotted against MPI4 of SAFOD samples. 
A clear negative trend between decreasing age and increasing thermal maturity is present. 
Supplementary Figure B-10: Maximum temperature histograms for the some of the samples 
that were modeled using biomarker thermal maturities. These reflect the uncertainties in MPI4 
reaction kinetics, slip layer thickness, friction, and event displacement. 
Supplementary Figure B-11: Maximum temperature histograms for the rest of the samples that 
were modeled using biomarker thermal maturities. These reflect the uncertainties in MPI4 
reaction kinetics, slip layer thickness, friction, and event displacement. 
Supplementary Figure B-12: Experimental set up for laser heating experiments. 
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Supplementary Figure B-13: Histograms of the modeled reset age for some of the heated 
samples in SAFOD. These apparent ages result from the temperature conditions defined by the 
measured biomarker thermal maturities shown in supplementary Figure B-10. 
Supplementary Figure B-14: Histograms of the modeled reset age for the rest of the heated 
sample in SAFOD. These apparent ages result from the temperature conditions defined by the 
measured biomarker thermal maturities shown in Supplementary Figure B-11 
Supplementary Figure B-15: Full plots of the probability density functions of the residuals, and 
therefore earthquake age, for each heated sample in SAFOD. The red dashed line indicates a zero 
residual or 0 Ma earthquake. While negative residuals are not allowed by the data, the 
uncertainty in modeled parameters a negative tail in each distribution. 
Supplementary Figure B-16: Average friction during sliding plotted against displacement for a 
range of normal stresses with hydrostatic pore pressure. At larger normal stress and 
displacement, the thermal breakdown distance is small relative to displacement and the average 
friction is low. Average friction for SAFOD normal stress conditions (49 MPa) is shown in red. 
Supplementary Figure C-1: Core image of the sampling location PP2778 in an anomalously 
coarse layer in the hanging wall. 
Supplementary Figure C-2: Biomarker thermal maturity profiles for U1520.Samples above the 
dashed line correspond to the footwall background, while those below correspond to the hanging 
wall background. The shallowest sample at 5.88 m was not included in background calculations 
as it was much younger (0.011 Ma) than the rest of the material in the hanging wall (>0.53 Ma; 
Wallace et al. 2019) and therefore, likely different in source. 
Supplementary Figure C-3: Histograms and pdfs for all allowable displacements resulting from 
thermal modeling UK’37 and CPI of reacted samples in the fault zone. 
Supplementary Figure C-4: Histograms and pdfs for all allowable displacements resulting from 
thermal modeling UK’37 and CPI of reacted samples in the hanging wall. 
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Supplementary Figure C-5: Average friction calculated for each displacement. Average friction 
changes with displacement as at higher displacement Dth is a smaller fraction of overall slip and 
a greater amount of displacement occurs when the friction is lower, at its steady-state value. 
Supplementary Figure D-1: Photos of some of the other faults used in this compilation. a) 
gouge layer and PSZ from the Muddy Mountain thrust, b) the Punchbowl fault core, c) black 
fault rock from the coseismically heated region of SAFOD displaying phacoidal surfaces 
abundant throughout this unit, d) is a particularly deformed region from the Pāpaku fault forming 
a transition between brittlely and ductilely deformed material. A heating signal was identified 
here. 
Supplementary Figure D-2: plots of frictional work against a) depth of faulting and b) event 
displacement. No clear relationship between either fault depth and frictional work is present, 
while a mild relationship between displacement between displacement and frictional work is 
present. 
Supplementary Figure D-3: Energy compilation demonstrating the lines of best fit used to 






List of Tables 
Table 2-1: brief summary of structural subunits from east to west along the Muddy Mountain 
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Chapter 1: Introduction 
 
Faults commonly comprise of a central comminuted fault core, within which most of the 
slip is localized, a fractured damage zone, and relatively undeformed host rock (Chester & 
Logan, 1986; Chester et al., 1993; Caine et al., 1996). The architecture of many faults is more 
complex, and instead consists of a broad volume of deformation with heterogeneity in degree of 
localization, fault geometry, and lithology (Coffey et al., 2019; Faulkner et al., 2010; Kirkpatrick 
et al., 2018). Furthermore, faults slip at a range of speeds, from aseismic creep to slow slip and 
coseismic slip (Rowe & Griffith, 2015; Titus et al., 2011; Wallace & Beavan, 2010). Given this, 
how do we know where within the deformed volume of a fault earthquake slip is occurring? 
Documenting where coseismic occurs provides insight into the processes involved in facilitating 
slip, such as dynamic weakening, and how they affect rupture propagation. 
Coseismic temperature rise provides us with a means of answering where past earthquake 
slip has occurred. During coseismic slip, work done to overcome frictional resistance along the 
fault can lead to the generation of high temperatures, sometimes hot enough to melt rock and 
produce pseudotachylyte (Sibson, 1975). The magnitude of coseismic temperature rise depends 
on various fault and earthquake properties including the shear stress, thickness of the slipping 
layer, and displacement during the event (Lachenbruch, 1986). Temperature is a primary control 
on the evolution of fault strength (Di Toro et al., 2011), therefore placing constraints on 
temperature rise along a fault can inform us about how slip is facilitated. This includes the onset 
of thermally activated dynamic weakening mechanisms like thermal pressurization and 
decarbonation (Collettini et al., 2013; Sibson, 1973). Furthermore, temperature estimates allow 
us to quantify frictional energy; a component of the earthquake energy budget that is inaccessible 
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through seismic studies as it is not a function of stress change but rather average stress 
(Kanamori & Rivera, 2006). For a long time, pseudotachylyte, or solidified frictional melt, was 
considered the only reliable evidence of earthquake slip (Cowan, 1999). However, 
pseudotachylyte requires temperatures in excess of 1000°C and thus, leaves a gap in our ability 
to investigate earthquakes associated with moderate temperatures (Rowe and Griffith, 2015).   
Biomarkers, or the biologic remains of past organisms that accumulate in sedimentary 
rocks over time, provide an alternative means of identifying coseismic temperature rise in the 
rock record. Their structure is systematically altered during heating to achieve more thermally 
stable configurations and these changes can be measured and used to calculate temperature rise 
(Peters et al., 2005; Szczerba & Rospondek, 2010; Walters et al., 2012). Biomarker maturation is 
sensitive to temperatures below what is required for frictional melting and therefore allows us to 
investigate properties of earthquake rupture over a wider range of events than pseudotachylyte 
alone. Biomarkers were initially applied as a thermal maturity indicator in the petroleum industry 
to assess the maturity of hydrocarbons that had experienced low-temperature, long-duration 
burial heating. More recently, they have been shown to mature to similar extents during higher-
temperature, shorter-duration earthquake heating conditions (Polissar et al., 2011; Savage et al., 
2018; Savage et al., 2014). Furthermore, they do not experience retrograde reaction, and react 
over a wide range of time-temperature windows, providing an enduring record of heating for a 
variety of earthquake sizes and conditions. In this thesis I utilize three biomarkers: n-alkanes, 
alkenones, and methylphenanthrenes. n-alkanes are unsaturated, acyclic, hydrocarbons, are most 
abundant at shallow depths (<1 km) and are sensitive to lower-temperature heating (Rabinowitz 
et al., 2017). Alkenones, long-chained methyl- and ethyl-ketones produced by the 
Prymnesiophyceae class of algae, are also found at shallow depth and change in abundance 
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based upon temperature. Finally, methylphenanthrenes are polycyclic aromatic hydrocarbons 
produced by the diagenesis of other biomarkers. They are found at greater depths, ~2-5 km, and 
burial temperatures and therefore require higher temperatures than alkanes to react (Polissar et 
al., 2011; Sheppard et al., 2015). These three biomarkers allow us to explore temperature rise 
along a variety of faults and investigate the questions outlined above. I focus on three faults, the 
Muddy Mountain thrust, San Andreas fault, and Hikurangi subduction zone, which are presented 
in chapters two through four. Chapter five synthesizes information gleaned from coseismic 
temperature proxies, through the comparison of numerous temperature proxies measured in 
many fault zones, and explores how this informs our understanding of earthquake behavior.  
Chapter two centers on the Muddy Mountain thrust of southeast Nevada, which was 
active during the Sevier Orogeny, juxtaposing Paleozoic dolostone above Jurassic sandstones. It 
is a relatively simple fault, consisting of a well-defined fault core with near-continuous exposure 
for over 100 m. This study site provided an opportunity to investigate where within a fault 
coseismic slip occurs and how this varies along the fault. Although I have described this fault as 
simple, it is still associated with considerable complexity and along-strike heterogeneity, 
particularly so, in the structure of the fault core. Heterogeneity includes variation in the number 
and thickness of localized slip zones and thicker gouge layers, as well as differences in lithology. 
I identify field-based evidence of earthquake slip along localized layers or principal slip zones 
(PSZs) and find that changes in coseismic temperature rise are linked to differences in the 
magnitude of localization. This dependence of temperature on thickness demonstrates that 
temperature rise is variable along a fault, which likely leads to the irregular onset of thermally-
activated dynamic weakening mechanisms. Consequently, coseismic fault strength along the 
Muddy Mountain thrust may have been heterogenous, leading to patchiness in slip distribution at 
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many scales. In addition, I show that thermal evidence of earthquakes may be absent, especially 
when PSZs are thicker, even when there is seismic evidence within that layer meters away along 
strike. Therefore, relying on only high-temperature proxies can lead to misinterpretation of fault 
slip and may not accurately capture the seismic history of a fault.  
 In Chapter three, I assess the seismogenic potential of a larger, more complex fault zone. 
The central San Andreas fault relieves accumulated strain mostly through aseismic creep, and 
therefore is considered stable and not able to nucleate large earthquakes (Titus et al., 2011). 
However, it is not well understood whether earthquakes that nucleate elsewhere can propagate 
into these creeping sections. Making this distinction has important implications for seismic 
hazard in California, as the largest earthquake possible along the San Andreas fault is markedly 
higher if earthquakes can propagate through the central creeping section, instead of being 
restricted to the northern and southern locked sections. Here, using samples from the San 
Andreas Fault Observatory at Depth (SAFOD), I find evidence that many >Mw 6 earthquakes 
have propagated into the central San Andreas fault by identifying a ~3.5 m wide region of high 
thermal maturity adjacent to the actively creeping Southern Deforming Zone (SDZ). These 
earthquakes did not exploit the frictionally weaker SDZ and instead are localized within stronger 
Great Valley Sequence rocks, suggesting other fault properties such as strain gradients influence 
the path of an earthquake rupture. The results of this chapter show that the central San Andreas 
fault, and possibly other creeping faults, have the potential to rupture in large earthquake events. 
I also measure the K/Ar ages of the fault rocks and perform rapid heating experiments. 
Coseismically heated samples are much younger than other fault samples. Experiments show that 
near-to-complete resetting of K/Ar ages occurs under earthquake heating conditions, meaning 
that the apparent age of the coseismically-heated samples are approximately the time at which 
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the earthquake occurred. This is the first evidence that K/Ar can be used as tool to date past 
coseismic heating events, and the first million-year scale record of seismicity along the San 
Andreas fault.  
 The Hikurangi subduction zone, which extends offshore of the North Island of New 
Zealand is explored in Chapter four. Here, using samples from IODP EXP375, I measure 
biomarker thermal maturity across the Pāpaku fault, a reverse splay fault that branches off the 
main megathrust. This margin experiences a range of slip behaviors, like slow slip and tremor to 
earthquakes, some of which are tsunami earthquakes with slower rupture speeds and shaking 
intensities than most earthquakes (Bell et al., 2014; Berryman et al., 1989; Wallace & Beavan, 
2010). However, it is unclear whether all of the structures within the accretionary wedge 
participate in the full range of slip. This is particularly true for the abundant splay faults present 
along the margin, as their steep dip and shallow depth can lead to significant seafloor 
displacement and tsunami amplitude during coseismic slip (Wendt et al., 2009). Biomarkers 
reveal evidence of coseismic slip at five locations within the Pāpaku fault zone, which 
correspond to most likely displacements of 11 – 16 m. I show that splay faults accommodate 
strain through earthquakes and not purely slow slip or aseismic creep. These results are the first 
direct evidence of large earthquakes on offshore splay faults at Hikurangi and highlight the 
importance of these structures for tsunamigenic and seismic hazard analysis of vulnerable coastal 
communities.   
 Finally, Chapter five synthesizes the biomarker thermal maturity measurements from 
these faults and includes new measurements from the Spoleto and Monte Maggio faults of Italy, 
a fault in the hanging wall of a Nankai megasplay, the Hundalee fault of New Zealand, and the 
Marin Headlands thrust in the Bay Area, California. Previously published thermal maturity 
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measurements (Rabinowitz et al., 2020; Savage & Polissar, 2019; Savage et al., 2014) as well as 
pseudotachylyte and borehole measurements and observations (Brodsky et al., 2019; Fulton et 
al., 2013; Kirkpatrick et al., 2012; Meneghini & Moore, 2007; Otsuki et al., 2003; Pittarello et 
al., 2008; Ujiie et al., 2007) are also included, to explore the distribution of thermally identified 
coseismic slip layers across faults and compile a dataset of frictional energy. In some chapters I 
refer to this as frictional work. Both frictional energy and work are terms that occur in the 
literature but I use the term frictional energy when considering the earthquake energy budget as a 
whole. I show that lithology has dominant control on fault core structure and this can be 
represented by two end members: 1) distributed coseismic slip across multiple PSZs and 2) 
repeated coseismic slip along a single PSZ. I find that frictional work is remarkably similar 
across faults and does not depend on displacement or depth of faulting. Instead, it is likely 
capped due to dynamic weakening processes that occur during unstable slip. Finally, using 
fracture and radiated energy from Ye et al. (2016), I compile the first integrated earthquake 
energy budget, placing constraints on each of the energies that goes into earthquake rupture.  
 Altogether, this thesis takes an interdisciplinary approach to explore the relationship 
between fault structure and earthquake rupture, incorporating techniques from structural geology, 
organic geochemistry, and geochronology. Biomarkers have been further developed and applied 
to a suite of seismogenic faults to advance in our understanding of a number of aspects of 
seismic behavior. Using biomarkers, I have linked coseismic rupture to PSZs, demonstrated the 
importance of PSZ thickness on temperature rise and the strength of faults, and I have placed 
constraints on frictional energy to produce the first integrated view of the earthquake energy 
budget. This energy illustrates that temperature proxies record a signature of past earthquake 
events and extracting information from these plays a key role in understanding earthquake 
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behavior and energy. Future work should expand this dataset of fault temperatures to better 
explore the broad spectrum of fault properties and structural complexities, and what effect they 
have on earthquake rupture.  
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Chapter 2: Hot on the Trail: Coseismic Heating on a Localized 
Structure along the Mountain Fault, Nevada 
 
Recent advances in the use of thermal proxies to identify past earthquake slip in exhumed 
faults have created an extraordinary opportunity to map the geometry of past ruptures in 
unprecedented detail. This approach can reveal along-strike differences in the structure and 
speed of earthquake slip. Here, we present organic thermal maturity data collected along the 
Muddy Mountain thrust in Nevada to investigate where within the fault that earthquake slip 
occurred and whether this is consistent along strike. We observe large changes in thermal 
maturity, which represent temperature-rise variations along the fault. Modeling of thermal 
maturity measurements yield peak temperatures of 760 – 1090°C where the principal slip zone 
(PSZ) was < 1 mm. Nearby where PSZ was thicker (>1 mm) these temperatures did not exceed 
500°C. Based upon estimates of temperature rise within < 1 mm PSZs, mean frictional work 
during earthquake slip was 6.3 – 7.1 MJm-2. These results show that thickness of the active 
slipping zone can vary at small spatial scales and development of a continuously narrow slip 
layer is not required for earthquake propagation. Therefore, even for an earthquake with spatially 
uniform slip, we may observe large variations in fault heating and the effectiveness of thermally-
activated dynamic-weakening mechanisms. 
 
2.1 Introduction 
A fundamental goal of fault mechanics is to understand how fault structure influences the 
nucleation, propagation, and arrest of earthquakes. However, faults exhibit a range of slip speeds 
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from tectonic creep to earthquake slip rates. Given the range of structures that are present in a 
fault zone, we therefore need to be able to identify which structures host fast slip in order to 
extract information specific to earthquakes. Many experimental and theoretical studies have 
shown that slip localizes along a narrow layer or principal slip zone (PSZ) during slip at 
earthquake rates (Chester & Logan, 1986; Chester & Chester, 1998; Collettini et al., 2014; 
Fondriest et al., 2012; Kuo et al., 2014; Ma et al., 2006; Platt et al., 2014; Ree, Ando, Han, & 
Shimamoto, 2014; Rice et al. 2014; Shipton & Cowie, 2001; Sibson, 2003; Smith et al., 2011; 
Toy et al., 2015). However, it is still unclear whether fast slip consistently produces localization 
within a fault core and therefore, whether the absence of localization precludes earthquake slip 
(Ikari, 2015; Rowe et al., 2012). By assuming earthquakes are limited to < 1 mm, localized 
layers, we may miss events in our search for earthquakes in the rock record and overlook crucial 
evidence of earthquake rupture processes.  
During the interseismic period the buildup of elastic strain leads to accumulation of 
potential energy over time. This energy is released during an earthquake as thermal energy, 
radiated energy, and fracture energy, in order to overcome frictional resistance, propagate 
seismic waves, and create new surfaces. Constraining this energy budget is critical in 
understanding aspects of earthquake physics like the energy available for rupture propagation 
(Kanamori & Rivera, 2006; Shipton et al., 2006). While we can calculate radiated and fracture 
energy using seismic data, energy dissipated as heat must be measured through other means such 
as temperature measurements in fault zones (P. Fulton et al., 2013). The rock record provides 
another way to access the earthquake energy budget. Methods involving the thickness of gouge 
layers and pseudotachylytes, grain-size distribution, and microcrack density have been applied to 
investigate earthquake energy partitioned into fracture energy and frictional heating (Pittarello et 
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al., 2008; Reches & Dewers, 2005). Work done to overcome frictional resistance in an 
earthquake is converted to heat and can result in significant temperature excursions along the 
fault  (Cardwell et al., 1978; Lachenbruch & Sass, 1980; Rice, 2006). Temperature rise during a 
single earthquake can exceed 1000°C and depends on various properties of the fault rock, as well 
as earthquake parameters such as stress and displacement (Kanamori & Heaton, 2000; Moecher 
& Brearley, 2004; Savage et al., 2014; Sibson, 1975). Therefore, temperature proxies are a useful 
method of identifying where earthquake slip has occurred and can provide us with information 
about the shear stress and displacement during the event. In addition to this, high temperatures 
can contribute to the onset of several dynamic weakening mechanisms. These include: flash 
heating at asperity contacts, thermal pressurization, and thermal decomposition of minerals, in 
particular clays and carbonates (Collettini et al., 2013; Goldsby & Tullis, 2011; Lachenbruch, 
1980; McDermott et al., 2017; Rice, 2006; Rowe et al., 2012; Schleicher et al., 2015; Sibson, 
1973). As a result, quantifying temperature rise along the fault can also allow us to identify what 
weakening mechanisms may play a role during earthquake slip and what effect this may have on 
the distribution of stress (De Paola et al., 2008; Fondriest et al., 2012; Rice, 2006; Rice & Cleary, 
1976; Sibson, 2003). 
Several temperature proxies have been utilized in the search for coseismic temperature 
rise. Pseudotachylyte was long considered the only reliable indicator of earthquake slip  (Rowe 
& Griffith, 2015; Sibson, 1973, 1975), representing the conditions where temperature rise is high 
enough to generate frictional melt. Pseudotachylyte however, is relatively uncommon, especially 
in sedimentary rocks, which host many faults of interest (Bjørnerud, 2010; Kirkpatrick et al.,, 
2009; Sibson & Toy, 2006) Other paleothermometers that have been applied to this problem 
include: fission track annealing (d’Alessio et al., 2003), vitrinite reflectance (Maekawa et al., 
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2014; Sakaguchi et al., 2011), clumped isotope thermometry (Siman-Tov et al., 2016), iron redox 
chemistry (Evans et al., 2014), hematite U-Th/He thermochronometry (Ault et al., 2015; 
McDermott et al., 2017), as well as the presence of products of thermal dissociation reactions 
from decarbonation (Billi & Di Toro, 2008; Sulem & Famin, 2009). In this paper, we use organic 
thermal maturity as a proxy for frictional heating to determine whether a fault has hosted 
earthquake slip and document any spatial variation in temperature rise related to seismic slip. We 
apply this to the Muddy Mountain thrust, Nevada, USA (Figure 2-1), which has a well-
developed fault core and relatively continuous exposure of the fault trace of up to 300 m, 
allowing us to densely sample along the fault. We find evidence that earthquake slip occurred 
along thin PSZs and that variations in thickness along strike largely influence temperature rise 
during rupture. While thicker structures lack measurable records of temperature rise, the 
continuity and close spatial proximity with the seismically-heated patches indicates that 
earthquake slip must have propagated through these patches. Assuming that slip and slip rate are 
uniform at the scale of our observations, we can attribute the observed changes in temperature 
rise to spatial variability in thickness of the active slipping layer. This demonstrates that 
temperature rise is not solely dependent on earthquake source parameters like displacement and 
stress drop alone. 
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Figure 2-1: Map showing the location of the Muddy Mountains in southeast Nevada 
(left) and overview photo of the field site (right). At Muddy Mountain, Paleozoic dolostone 
(HW) is being thrust above Jurassic Sandstone (FW) at the Muddy Mountain thrust. Outcrop 
locations of the fault are indicated by the solid red line. 
 
2.2 Background 
 2.2.1 Fault architecture and spatial heterogeneity 
General models of fault architecture involve a fault zone consisting of three main units: a 
comminuted fault core, where slip is thought to localize, a highly fractured damage zone, and 
relatively undeformed wall rock (Collettini et al., 2014; De Paola et al., 2008; Sagy & Brodsky, 
2009; Smith et al., 2011). However, faults are seldom this simple and heterogeneity can exist 
across several scales leading to such complexity as: spatially variable shear resistance (Caine et 
al., 1996; Fang & Dunham, 2013; Kirkpatrick & Shipton, 2009; Sagy et al., 2007), development 
of slip on multiple localized fault surfaces and strands (Faulkner et al., 2003; Savage et al., 2017; 
Shearer, 2002; Waldhauser et al., 2004),  and linkage during fault growth (Childs et al., 2009). 
Furthermore, the degree to which localization occurs is variable, not only occurring across faults 
with different styles of deformation (Sibson, 2003) but also on the scale of a single fault 
(Kirkpatrick et al., 2018). This described hetereogeneity leads to the possibility that temperature 
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rise during an earthquake may not be spatially homogenous and could result in the onset of 
different dynamic weakening mechanisms in different parts of the fault during a single event.  
 
2.2.2 Organic thermal maturity  
Organic matter is produced by living organisms, and accumulates in sediments over time. 
It reflects a variety of different sources including algae, terrestrial plants, and bacteria. Organic 
thermal maturity has long been used in the petroleum industry to estimate the thermal maturation 
of oil and source rocks over relatively low temperatures and long burial time-scales (Radke et al., 
1986). Its application to high temperature heating over durations of tens of seconds is relatively 
novel and has been shown to be a reliable mechanism to identify coseismic temperature rise 
(Savage et al., 2014). Furthermore, no other known process besides heating can cause maturity of 
these organic materials to increase and there is no retrograde reaction. Therefore, organic thermal 
maturity is a versatile tool in identifying where coseismic temperature rise has occurred, and 
when coupled with thermal models, are effective in constraining fault properties (Polissar et al., 
2011; Rabinowitz et al., 2017; Savage et al., 2014). During heating, the structure of organic 
molecules is systematically altered with increasing temperature and duration (Peters et al., 2005; 
Radke, 1988). These changes can be quantified, and with well-constrained kinetics for their 
alteration, can be used to infer time-temperature combinations relevant to earthquakes (Polissar 
et al., 2011; Rabinowitz et al., 2017; Savage et al., 2014; Sheppard et al., 2015). Many different 
organic compounds can be applied as a paleothermometer and each is sensitive to particular 
time-temperature windows, but only some react under earthquake timescales. Here, we focus on 
using methylphenanthrenes (Figure 2-2), which have been shown to react at the temperatures and 
durations relevant to earthquake slip (Savage & Polissar, 2019; Sheppard et al., 2015). 
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Methylphenanthrenes are polycyclic aromatic hydrocarbons that are produced by diagenesis of 
pre-existing organic molecules at depth. With increasing temperature, methylphenanthrene 
molecules (abbreviated as x-MP) convert from less to more thermally stable configurations. The 
molecule’s stability is controlled by the position of its methyl group, so that configurations 
where the methyl group is oriented towards other bonds in the molecule experience more steric 
strain and are less stable (Figure 2-2, 9MP and 1MP), while in configurations where the methyl 
group is oriented away, the opposite is true (Figure 2-2, 3MP and 2MP). Therefore, by 
measuring the relative abundance of isomers (molecules with the same chemical formula but 
different atomic configurations) with different stability, thermal maturity can be determined. We 
express thermal maturity as a ratio: the methylphenanthrene index (MPI). Several iterations of 
this index have been developed over time, but some of these demonstrate a dependence on the 
source of the rock (Püttmannet et al., 1989; Szczerba & Rospondek, 2010; Welte et al., 1983). 
We use the thermal maturity index MPI-4, as it is the least sensitive to the depositional history of 
the rock (Savage & Polissar, 2019). This is expressed as: 
)*+ − 4 =
/012301
40125012/012301
	 	 	 	 	 	 	 	     (2-1)	
At earthquake timescales, temperatures of ~500°C or greater will lead to a significant increase in 
MPI-4 (the required temperature for reaction depends on background thermal maturity due to 
burial, Polissar et al., 2011). Here, we define a significant increase in MPI-4 as an increase 
greater than the two-sigma instrumental error of our thermal maturity measurements. MPI-4 will 
continue to rise with increasing temperature until a maximum ratio of 0.87 is reached, which 
reflects the equilibrium concentration of methylphenanthrenes from thermodynamic models 
(Radke et al., 1982; Szczerba and Rospondek, 2010). If a narrow slip zone has hosted an 
earthquake, we will see a high thermal maturity signal coincident with the slipping layer that 
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decays down to background values, reflecting long-term burial, with distance from the fault core. 
We can estimate temperature within the slip layer by forward modeling temperature rise and 
biomarker reaction using different slip and stress parameters for the fault, which is explained in 
greater detail below. Over a fault’s entire history of many earthquakes cycles we assume that 
high thermal maturity reflects the largest earthquake on the fault, as smaller events have 
negligible contribution to the overall maturity signal, which is explained further in section 6. In 
addition, it is possible that earthquakes on subsidiary faults and smaller fractures within the 
damage zone may have generated some heat (Ben-zion & Sammis, 2013; Savage et al., 2017); 
therefore, careful documentation of any structures associated with samples is important in 
interpreting across-fault patterns in thermal maturity. 
 
 
Figure 2-2: Structure of phenanthrene and the isomers of methylphenanthrene (x-MP) 
used to calculate thermal maturity. Methyl group positions (a,b) are indicated on the 
phenanthrene molecule and are color-coded based upon stability. Red positions, b, indicate 
configurations that are more stable at high temperature (e.g. 3 and 2MP), while blue positions, a, 
indicate less stable configurations (e.g. 9 and 1MP). 
 
2.2.3 Geology of the Muddy Mountain thrust 
The Muddy Mountains are located in southeast Nevada ~50 km northeast of Las Vegas, 
within the Basin and Range province (Figure 2-1). Here, the regional-scale Keystone-Muddy 
Mountain thrust system juxtaposes Paleozoic carbonates above Jurassic and Cretaceous 
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sandstones and conglomerates (Figure 2-3). This thrust system extends for ~ 210 km along strike 
and was active during the Cretaceous at depths of ~ 1 – 2 km, accommodating several tens of 
kilometers of displacement (Axen, 1984; Brock & Engelder, 1977; Price & Johnson, 1982; 
Skelly & Taylor, 1990). It is offset by Miocene Basin and Range extension, as well as ~50 km of 
right-lateral shear on the Las Vegas Shear Zone (LVSZ; DeCelles, 2004; Wernicke et al., 1988). 
The Muddy Mountain thrust forms part of a basal thrust of the Sevier Orogeny, which has been 
dissected into a number of imbricate thrust sheets, and also includes the Glendale, Mormon, and 
Tule Springs thrusts (Skelly and Taylor, 1990). In our field area, the hanging wall of the Muddy 
Mountain thrust is made up of Paleozoic carbonates of the Banded Mountain member of the 
Bonanza King formation (Beard et al., 2007), a fragmented dolostone interpreted as 
cataclastically pulverized dolomite (Brock and Engelder, 1977; Beard et al., 2007). In the 
footwall, the Cretaceous fluvial Baseline Formation uncomformably overlies Jurassic aeolian 
Aztec Sandstone. The Baseline Formation is a poorly-sorted fine-grained sandstone, dominated 
by angular quartz grains. It can be sub-divided into three members: the Red Member, which lies 
conformably above the White Member, as well as the Overton conglomerate that is present as 
lenses throughout the unit (Bohannon, 1983). The Aztec Sandstone underlying the Baseline 
Formation is correlative with the extensive Navajo Sandstone present in Utah. It is a fine-
medium grained sandstone with well-rounded clasts and large-scale cross-bedding up to 7 m in 
height (Brock and Engelder, 1977). Miocene normal and strike-slip faulting associated with 
Basin and Range extension over prints Mesozoic convergent structures in this region (Wernicke 
et al., 1982). Strike-slip faults like the LVSZ define different extensional terranes, which vary in 
their style and magnitude of extension. Extension of up to 100% is estimated to have occurred 
since the Miocene north of the LVSZ from tectonic reconstructions (Wernicke, 1981). Low-
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angle normal faults overprint compressional deformation here, but extension is thought to have 
occurred primarily on bookshelf normal faults, which rotate bedding over time, as well as listric 
faults, steeply dipping near the surface but rooted at a low angle near a basal decollement (Guth, 
1981; Wernicke, 1981) Although it is clear that this region has a long tectonic history, where the 
style of deformation has evolved over time, we focus on earlier thrust faulting that occurred 
during the Cretaceous in the Muddy Mountains.  
 
2.3 Methods 
2.3.1 Sample collection 
The exposure of the shallowly (10 – 20°) dipping Muddy Mountain thrust fault core is 
semi-continuous and well-exposed over a strike distance of ~300 m (Figure 2-1).  We sampled 
seven sub-vertical transacts across the fault (Figure 2-3). Spacing between transects ranged from 
~1 m in the southwest to 150 m in the northeast, as a result of outcrop quality and exposure. 
Along each of our transects we focused on finely sampling the fault core aiming to capture the 
peak heating signal by collecting material from localized structures. To achieve this, we 
collected large (~10 x 10 x 30 cm) samples that spanned the fault core using an electric drill, 
hammer, and chisel. This allowed us to remove coherent blocks and target structures within the 
gouge and the surrounding wall rock, while avoiding contamination by fumes from gas-powered 
tools. These blocks were then sub-sampled in the lab with a hammer and chisel on more 
indurated pieces and a spatula with less indurated samples, which allowed us to extract closely-
spaced (millimeter-scale) samples and target individual structures. We also collected material 
outside of the fault core, where we increased our sample spacing to ~ 10 cm, collecting smaller, 
discrete samples with hammers and chisels for the purpose of constraining the background 
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thermal maturity of the wall rock. At each transect we also logged structures present and 
measured the orientation of the fault plane, to understand how along-strike variation in geometry 
and structure may relate to thermal maturity measurements. We further noted if samples were 
collected near or on any subsidiary faults, and these samples were not used to calculate 
background thermal maturity. All samples were collected using nitrile gloves and stored in ashed 
foil (heated to 450°C for five hours).    
 
2.3.2 Laboratory procedures 
A brief overview of lab methods is given here, a more detailed description, including 
instrument procedures and solvents used, can be found in the supplement. Samples were crushed 
using a mortar and pestle before undergoing Accelerated Solvent Extraction (ASE) to separate 
out total lipid extract (TLE). A recovery standard was added to the TLE before silica gel column 
chromatography was used to split the TLE into fractions of different polarity (aliphatic, 
ketone/PAH, and polar fractions). We then used Gas Chromatography Mass Spectrometry on the 
methylphenanthrene-bearing fraction (ketone/PAH), to measure the abundance of 
methylphenanthrene molecules. 
 
2.4 Structural description 
2.4.1 Damage zone 
An expansive damage zone surrounds the fault core, with breccias extending ~ 75 m into 
the sandstone footwall and ~ 200 m into the dolostone hanging wall (Brock and Engelder, 1977). 
It is characterized by extensive fracturing, induration contrasts, and injection features. Small ~ 5 
cm long injections of granular material from the gouge zone have been observed that extend into 
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the hanging wall and are located at a map-scale bend in the fault. In the same area, three larger 
injection features were observed along the fault immediately northwest of MT6 and 7 (Figure 2-
3), which we refer to as chimneys. The chimneys are rooted in the gouge zone, tapering upwards 
to a height of ~10 m, and consist of angular <1 – 5 cm clasts of sandstone, dolostone, and gouge. 
They differ from injections in that they are dominated by clasts recruited from the wall rock 
during upward injection of fluids, rather than being filled with clasts derived only from the 
source layer. These chimneys are located near a mixed breccia (described below) and correspond 
to where the fault bends and dips more shallowly. The Muddy Mountain thrust dips at 16 – 
21°W in our study area, while regionally it dips at 10 – 30° with some variations reflecting 
primary fault geometry and later deformation of the fault (Axen, 1984). The fault bends in our 
field area, shallowing ~ 5° over a 30 m section (between transects MT7-10), before it gradually 
steepens again to the north. While differences in fault geometry may be transient features, if this 
bend were present during fault activity it could act as a releasing bend, leading to lower normal 
stress in the area and extension in the hanging wall, and contributing to the formation of these 
chimneys and breccia. The footwall contains small faults with 0.5 - 1 cm thick layers of gouge 
and flow structures related to soft sediment deformation. Pieces of deformed carbonate from the 
hanging wall, reaching up to 50 cm in length are present in the footwall. Foot wall rock towards 
the northeastern side of the fault (Figure 2-4A) has been weathered becoming extremely friable 
with the exception of a 10 cm well-indurated layer at the base of the hanging wall.  
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Figure 2-3 - Geological map of the Muddy Mountain region after Beard et al. (2007) 
with topography from the USGS (2012). Contour interval is 40 feet. Inset shows a close up of the 
study area with the location of transects sampled along fault and strike and dip measurements 
with Baseline Formation-Aztec Formation contact mapped during this study (does not appear on 
regional USGS map). The cyan line is the section of the Muddy Mountain that is dipping more 
shallowly, demonstrating a more flat-ramp geometry. 
 
2.4.2 Fault core 
Between the footwall and hanging wall is a 3 – 40 cm thick fault core. Considerable 
variation in the structure of this fault core occurs along the exposure, and for the purpose of this 
paper it will be divided into three main subunits. The first is a foliated gouge that contains 
rounded clasts of dolostone and sandstone up to 0.5 mm in size. One to four of these foliated 
gouge layers are present in each transect (Figure 2-4C, D; Figure 2-5B). The second subunit is a 
10 – 30 cm thick chaotic gouge, which lacks continuous structures and contains sheared clasts of 
dolostone, sigmoidal in shape, and up to 15 cm in diameter (Figure 2-4D, E). The final subunit is 
a submillimeter to millimeter-thick, indurated cataclasite layer that occurs at the base of some 
foliated gouge layers (Figure 2-4C – E; Figure 2-5A, C – E). Gouge within this layer is both 
dolomite and quartz rich, reflecting contribution from the hanging wall and footwall, and in 
places is enriched in iron (Figure 2-5C). Larger clasts of quartz and fractured dolostone up to 0.1 
mm in diameter are also present within the matrix consisting of micrometer-scale calcite and its 
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contacts with the footwall and gouge units are extremely sharp, crosscutting clasts within these 
neighboring units. Iron oxide-rich gouge infills these fractures and is also injected into the 
footwall in some locations (Figure 2-5A, B). This layer is a comminuted zone that we 
hypothesize localized slip, similar to what has been identified in previous field studies (Chester 
et al. 1993; Sibson 2003; De Paola et al., 2008; Billi et al., 2008; Smith et al. 2011; Collettini et 
al., 2013; Kirkpatrick et al., 2013). Complexity of the fault core changes along its trace over a 
length scale of <10 meters. Two predominant morphologies are observed. The first is a simpler 
gouge zone (MT11 and MT13, Figure 2-4D, E), where the fault is more steeply dipping, and 
consists of a single gouge layer and basal indurated cataclasite, overlain by chaotic gouge. The 
second is a more complex fault core that occurs where the fault dip is shallower and consists of 
multiple foliated gouge layers (Figure 2-4C). In transects MT6 and MT7 this gouge zone 
includes a layer of mixed breccia (Figure 2-4B). This variability in fault core morphology along 
trace is summarized in table 2-1. 
 
2.4.3 Mixed breccia  
Between the Baseline sandstone in the footwall and the continuous layers of gouge in the 
fault core, we locally observe ~ 0.5 m-long, discontinuous lenses of poorly sorted, angular, 
matrix-supported breccia containing clasts of both hanging wall and footwall lithologies (table 2-
1). This clast mixture is characteristic of fluvial gravels in the Baseline Formation, but could also 
be produced by tectonic mixing in the Muddy Mountain thrust or tectonic reworking of the 
Baseline gravels. In the absence of diagnostic sedimentary structures, we cannot differentiate 
with certainty between tectonic breccias and tectonized fluvial breccias, but those observed along 
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Figure 2-4 - Vertically exaggerated schematic of the Muddy Mountain thrust (top) with 
the location of sampled transects indicated. Grey lenses are locations where slivers of dolostone 
have been incorporated into the footwall. Photos A – F below show main structural features and 
lithological units. Bold red lines represent the indurated cataclasite while dashed red lines are 
other distinct surfaces observed separating gouge layers. White coloration on the surface of the 
outcrop is a weathering feature. The transects are as follows: A) highly weathered MT12, B) 
transect MT7 showing the mixed breccia unit, C) MT9 with multiple gouge layers, separated by 
parting surfaces, and a localized cataclasite layer, D) transect MT11 showing relatively simpler 
structure with a single gouge layer overlain by chaotic gouge, E) MT13 displaying similar 
structures to transect MT11, and F) MT14, the southwestern most transect. 
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2.5 Thermal maturity results 
Figure 2-6 shows the measured thermal maturity at each transect. The measurement error 
is the same for all data points in each transect with a value of 0.038 and this plots within the size 
of each symbol in Figure 2-6. Background limits on thermal maturity along the fault (grey 
dashed lines) are defined by determining the minimum MPI-4 of all off-fault (> 5 cm into the 
hanging wall and footwall; Figure 2-7, Supplementary Figure A-1) samples not associated with 
any subsidiary faults. These background values are consistent across different transects, with 
MPI-4 ranging from 0.42 – 0.59 and both the footwall and hanging wall have equal means, 
confirmed by a student t-test. MT11 and MT13 are the only transects that show clear evidence of 
significant temperature rise (Figure 2-6). In these, we observe a clear thermal maturity anomaly 
of 0.72 and 0.78 in samples from the indurated cataclasite of MT11 and MT13 respectively. This 
signal decays to background with distance (typically ~1 cm) from the slipping layer (Figure 2-
7A) but high thermal maturities were observed (0.74 in MT13) within this width as expected 
from thermal diffusion. These thermal maturity anomalies reflect methylphenanthrene reaction at 
earthquake slip timescales, as well as the distance heat can diffuse during a single event (~1 mm 
for a ~ 2s event, see supplement), which is dependent on the thermal diffusivity of the rock, a, 
and the duration of the event, t, as follows (Lachenbruch 1986): 
6 = √489               (2-1) 
A similar decay curve into the hanging wall occurs in MT9, which suggests some localized 
heating may have occurred here, but because the thermal maturities here are within the 
background variability we cannot confidently interpret this as a heating signal. MT9 and the 
remaining profiles, some of which contain a similar localized cataclasite layer as in MT11 and 
MT13, do not demonstrate convincing evidence for temperature rise along the fault (Figure 2-6). 
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As a result, these thermal maturity measurements indicate that significant heating is limited to a 




Figure 2-5: Plane polarized (A-B) and SEM photomicrographs (C-E) of fault core 
material. Red dashed lines indicate the base of the fault core. A – base of the sub-millimeter 
indurated cataclasite layer present in MT11, note that top of this layer was not preserved in thin 
section. B – basal foliated gouge layer in transect MT7. C, D, and E – SEM images from the 
indurated cataclasite layer in MT11. While the majority of the cement is calcite, C and D show 
bright iron rich gouge that infills fractures in dolostone clasts within the gouge and is injected 
into a large sliver of dolostone in the footwall, while E demonstrates the transition from the 
indurated cataclasite layer to footwall material. 
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Figure 2-6: Plots of MPI-4 versus distance from the primary slip layer for all transects 
and their location along the Muddy Mountain thrust. Solid red lines indicate where we see an 
indurated cataclasite layer, in the absence of this layer dashed red lines represent the basal gouge 
layer. Thin stippled red lines are smaller subsidiary faults and grey dashed lines indicate the 
background range of thermal maturities. 
 
2.6 Temperature modeling and error estimates 
Temperature rise is estimated by thermal modeling of transects MT11 and MT13, which 
have clear thermal anomalies along the slip layer. Heat conduction equations for a solid (Carslaw 
and Jaeger, 1959) and diffusion equations for a fault (Lachenbruch, 1986) describe temperature 






               (2-3) 
where t is shear stress, r is density, c is heat capacity, v is slip velocity, t is time, and a is fault 









































	 	 				(2-4) 
where t* is the duration of slip and U is the thermal diffusivity. In using these heat diffusion 
equations, it is assumed that: advection is negligible and heat is transferred purely by conduction; 
deformation is homogeneous within the slipping zone; and slip velocity and fault width are 
constant during the event (Lachenbruch, 1986). These equations are coupled with well-




cd                  (2-5) 
where Ea is the activation energy, t is time, R is the universal gas constant, k is the rate constant, 
and A is a pre-exponential factor (see Table 2-2). Using equations 2, 3, and 6 we model the 
reaction of organic matter in time and temperature space for a range of different slip and stress 
pairs to identify the MPI-4 profile that best matches laboratory results (Figure 2-7A). Most 
parameters in the model are either known or can be reliably estimated (table 2-2). Fault half-
width is calculated from the width of the indurated cataclasite where it is present or the width of 
the basal gouge layer where the former is absent (light microscopy and field measurements). We 
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cannot separate out slip distance and shear stress as these are unknowns, but we can put 
constraints on shear stress by applying a reasonable range of friction values between 0.1 – 0.7 
and by assuming normal stress due to burial at 2 km depth with hydrostatic pore pressure (table 
2-2). We successfully extract the product of these, frictional work, from our temperature-rise 
estimates. 
 
Figure 2-7: A) Best fitting modeled MPI-4 profiles for MT11 and MT13 with distance from the 
slipping layer. Each grey line is a modeled profile that successfully reproduces the measured 
thermal maturity within the two-sigma measurement uncertainty. The red line is the mean 
thermal maturity of these models. Blue circles are field measurements of thermal maturity, 
dotted lines are the two-sigma uncertainty for the background thermal maturity of the parent 
rock, and black dashed lines indicate half-width of the slipping layer. B) The mean temperature 
profile (red line) that corresponds with the adjacent thermal maturity profile. Grey lines represent 
the maximum temperature profiles which produce MPI-4 profiles within two sigma of the 
measured value. Grey lines represent the maximum temperature in each of the successful models 
in panel A. 
 
 
The error associated with our thermal modeling is calculated by addressing uncertainties 
in the slip, stress, and reaction kinetics for MPI-4. We start by using parametric bootstrapping to 
generate a population of Ea and A pairs that reflect fitting to the MPI-4 reaction kinetics 
(Sheppard et al., 2015). For shear stress, we assume a normal stress at 2 km depth and 
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hydrostatic pore pressure to produce a uniform distribution of shear stress values (table 2-1), 
which reflect realistic coefficient of friction values mentioned above. In order to fit the observed 
thermal maturity values, and given the shear stress range, the slip is constrained to 0.3 – 5 m. For 
each Ea/A pair, we find the combinations of stress and displacement that simulates an MPI-4 
value within two standard deviations from our field measurements. It is worth noting here that 
this displacement is much lower than the tens of kilometers of total displacement experienced on 
the fault (Brock & Engelder, 1977) Each successful combination corresponds to a viable time-
temperature history, from which we can extract the maximum temperature reached within the 
fault, the shear stress, and the displacement. From the shear stress and displacement, we calculate 
frictional work density. Using the model results from successful stress-displacement pairs, we 
then generate probability density functions for maximum temperature and frictional work, from 
which we can calculate the mean and 95% confidence interval of temperature and frictional 
work.  
An important consideration to highlight here, is that the relationship between the reaction 
of organic matter and displacement during an earthquake is highly non-linear due to the strong 
dependence of reaction rate on temperature. Figure 2-8 demonstrates the maturation of organic 
matter for three different earthquake sequences. Each of these sequences consists of events with 
different amounts of displacement but each sequence has the same cumulative slip and layer 
thickness. Layer thickness may not remain constant through time, but as faults tend to become 
more localized more with increasing cumulative displacement (Chester et al., 1993) we can 
assume that the thermal maturities modeled represent minimum reaction. From Figure 2-8 it can 
be seen that the thermal maturity signal is dominated by the largest slip event on the fault. 
Smaller events following a larger event have very little effect on thermal maturity, while two 
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events of a similar size have a cumulative effect on thermal maturity. Depending on the 
background values of the wall rock, smaller earthquakes will not measurably enhance thermal 
maturity (e.g. the 0.5 m slip event on the green curve in Figure 2-8). Therefore, sequences with 
the same total slip can have very different final maturities and our data does not allow us to 
distinguish individual earthquakes or their slip history. However, we can examine the simplified, 
but realistic case, which assumes the MPI-4 we measure is a direct result of slip from the largest 
earthquake possible along the fault.  In addition to displacement, slip velocity plays an important 
role in the temperature signal generated and coseismic slip velocities of at least 0.1 m/s are 
required to generate temperatures sufficiently high to react methylphenanthrene (as shown in 
Figure 2-9). As a result, we should not see any thermal maturity anomaly associated with 
aseismic creep or slow slip events.  
Mean maximum temperature estimates for MT11 and MT13 are 970°C (95% confidence 
interval: 790 – 1090°C) and 990°C (95% confidence interval: 810°C – 1100°C) respectively. 
These are identified based upon the stress conditions and displacement that minimize the 
difference between the modeled and observed MPI-4 as shown in Figure 2-7A.  Due to the range 
of uncertainty in these estimates, we consider these values to be essentially equal. In our 
remaining transects we do not see methylphenanthrene reaction above the background variability 
(defined as the range between our minimum and maximum thermal maturities from background 
samples; Supplementary Figure A-1). This does not necessarily mean that these transects did not 
experience heating during slip, but instead suggests that they were not heated above 500°C as 
this is the temperature required to cause sufficient reaction over earthquake timescales to exceed 
the background thermal maturity.  
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range of gouge 
layers (mm) 






MT12 20 - 40 2 No No No 
MT6 4 – 20 2 No Yes No 
MT7 4 – 20 2 No Yes No 
MT9 1.5 – 10 4 Yes No No 
MT10 1.5 – 10 4 Yes No No 
MT11 0.8 – 10 1 Yes No Yes 
MT13 0.8 – 10 1 Yes No Yes 
MT14 5 – 10 2 No No No 
 
Other geologic evidence observed at temperatures relevant to those modeled in MT11 
and MT13 are products of calcite decarbonation (Smith et al., 2011; Rowe et al., 2012; Collettini 
et al., 2013). While we do not see diagnostic evidence for calcite decarbonation (e.g. clast cortex 
structures outlined in Smith et al., 2011 and Rowe et al., 2012), it is worth noting that the iron-
rich gouge infilling pore space within the indurated cataclasite of MT11 and MT13 and in small 
injection veins in the footwall, may be related to decarbonation, consistent with the maximum 
temperature exceeding 850°C. This is because during decarbonation, the release and increase in 
the partial pressure of CO2 leads to increased CO2 dissolution and a reduction in the pH of pore 
fluids, which favors dissolution of iron from the surrounding rock. After heating and a return to 
higher pH, precipitation occurs, enriching the surrounding gouge in the dissolved ions such as 
iron (Han, 2007; Rowe et al., 2012). Because we only see this iron-enriched gouge in transects 
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that demonstrate evidence for coseismic temperature rise, we favor a decarbonation 
interpretation over other possibilities such as later-stage fluid circulation.  
 
 
Figure 2-8: Evolution of MPI-4 as a function of earthquake size for sequences of three 
earthquakes resulting in 4.5 m of total slip. Each colored line represents a different sequence of 
events with different slips. Large events dominate the thermal maturity signals, while small 
events have negligible effect, in particular in sequences with larger events. It can be seen that 
while the total slip for each sequence is the same, the final MPI-4 is different for each event. 
 
2.7 Frictional work estimates 
From equation 2-1 we know that coseismic temperature rise (DT) is related to a number of 
different fault properties. We can place constraints on material parameters, such as: density, heat 
capacity, and thermal diffusivity, by using field and experimental observations on similar rocks 
(e.g. Di Toro et al., 2011; Waples & Waples, 2004). Therefore, we can apply our knowledge of 
these material parameters to calculate reliable estimates for frictional work density. Frictional 
work density (Fw) is the product of shear stress and displacement during the earthquake as 
follows: 
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ef = Hg               (2-6) 
It is worth noting here that because we are often looking at ancient events displacement is not 
often known, so it is difficult to separate the effects of shear stress and displacement. However, 
using temperature estimates we can extract the frictional work density, which is the product of 
shear stress and displacement (equation 2-3), and therefore the individual values do not need to 
be independently defined. As a result, we do not distinguish between an event that has had large 
slip/low stress or low slip/high stress, but discuss a range of realistic stress conditions in order to 
infer slip.  In addition to improving our understanding of how energy is partitioned during an 
earthquake, we can also use frictional work to better recognize where dynamic weakening may 
play a role. High frictional work and frictional work rate (power), are required to generate 
temperatures high enough to trigger dynamic weakening mechanisms (e.g. decarbonation, flash 
melting), which can affect the extent of earthquake rupture propagation (Di Toro et al., 2011; 
Fondriest et al., 2012; Savage et al, 2019).  
Mean frictional work estimates for MT11 and 13 are 6.3 – 7.1 MJm-2, with a 95% 
confidence interval of 3.5 – 10.7 MJm-2. While the number of frictional work approximations 
from previous studies is fairly limited, ours falls within the existing range. Estimates of frictional 
work for large subduction zone earthquakes range from 27 MJm-2 for Tohoku (from temperature 
measurements after the event Fulton et al., 2013) and 105 – 228 MJm-2 from Pasagshak, Alaska 
(from pseudotachylytes generated during megathrust events in Pasagshak, Alaska; Savage et al., 
2014). On continental faults Mw 6 – 7 events (displacements of ~0.75 m – 2.37 m) on the Gole 
Larghe fault in Adamello, Italy expended ~27 MJm-2 (estimated from pseudotachylytes; 
Pittarello et al., 2008) whereas the Bosman fault. South Africa (Mw 3 – 4 events, displacements 
of ~0.024 m – 0.075 m) expended ~ 3 MJm-2 (Rechers & Dewers, 2005). These differences in 
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frictional work are unsurprising as the earthquakes they represent dramatically differ in size and 
depth of faulting. Because we cannot access information on the energy dissipated as heat from 
seismic data, it is important that we develop alternative methods of estimating frictional work. 
Building a large database of frictional work values from natural faults, will allow us to better 
understand the earthquake energy budget for a variety of earthquake sizes, depths of faulting, and 
tectonic settings.  
 
Table 2-2: Fault properties and reaction kinetic values used in thermal modeling. These remain 
fixed through each iteration of the model, while frictional work is varied to produce the best 
fitting MPI-4 profile. Kinetic parameters for MPI-4 are calculated from the data in Sheppard et 
al., 2015, using the same methodology as applied there. Numbers used for material properties are 
values from Di Toro et al. (2011) and Waples and Waples (2004), and these represent the 
average value between sandstone and dolostone, reflecting roughly equal contribution from the 
hanging wall footwall consistent with Energy Dispersive x-ray Spectroscopy (EDS) 
observations. Temperature estimates are not significantly altered when using either sandstone or 
dolostone as an end member (Supplementary figure A-4). 
Parameter Value 
Heat capacity (Cp) 900 Jkg-1K-1 
Thermal diffusivity (g) 1x10-6 m2s 
Density (r) 2500 kgm3 
Slip velocity (v) 1 ms-1 
Fault half width (a) 0.4 – 6 mm 
Shear stress (t) 3.4 – 20.4 MPa 
Activation energy (Ea) 24 kcalK-1mol-1 
Frequency factor (A) 1.21x104s-1 
 
2.8 Discussion 
It is clear from organic thermal maturity analysis of samples along the Muddy Mountain 
thrust that large variability in temperature rise is recorded along the fault, with peak temperatures 
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varying from less than 500°C to over 980°C along a ~300 m section of the fault. The length-scale 
of the observed temperature heterogeneity suggests that hydrothermal fluid circulation is not 
contributing to the temperature signal we observe here. We do not expect the fault core to act as 
a conduit for fluid here, and even if the fault core was channeling fluid flow, we should see a 
more extensive signal. The estimated temperatures are consistent with the those necessary to 
activate a number of dynamic weakening mechanisms including: thermal pressurization, 
decarbonation, and flash heating (Goldsby and Tullis, 2011; Collettini et al., 2013; Rowe and 
Griffith, 2015). While we see no conclusive microstructural evidence that any of these 
mechanisms are dominating earthquake rupture here, they may have contributed to weakening 
along the fault, and pressurization is consistent with the gouge injection features found in the 
high temperature patch of the fault. The contrasts in peak temperature observed along the fault 
may be due to a number of fault properties as seen in equation 2-1, but as we did not observe any 
major lithological changes along the fault, we can restrict these possibilities to differences in 
frictional work (e.g. effective stress or displacement), differences in thickness of the slipping 
layer, and the size of the earthquake rupture area, which scales with displacement c Along with 
variations in temperature rise, significant structural heterogeneity also exists along the fault, 




Figure 2-9: Thermal maturity (A) and temperature rise (B) for a 0.8 mm thick slip layer 
(consistent with what is observed in MT11 and 13) for different slip velocities. This plot shows 
that slip velocities of at least 0.1 m/s are required for methylphenanthrene reaction and that 
slower slip velocities e.g. aseismic creep or slow slip events, are insufficient to generate a 
heating signal. 
 
2.8.1 Rupture area 
Heterogeneous temperature rise could be explained if the rupture area were small enough 
that not every transect experienced the same earthquake. We can address this possibility by 
calculating the slip required for the highest likely shear stress on the fault. Here we take the most 
extreme case, which corresponds to a static friction value of µ = 0.7 and no pore fluid pressure. 
This case would maximize the heat production efficiency of the earthquake, and therefore 
represents a minimum bound on the slip (and assuming normal earthquake scaling, the rupture 
area) required to produce the heat signal. The slip required to produce the observed heating 
signal is ~20 cm (for comparison, a slip of ~3 m is required for dynamic friction values of µ = 
0.1 in undrained conditions, table 2-3) and from earthquake scaling laws, corresponds to a 
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rupture length of 1.6 km (Scholz, 1982; Wells & Coppersmith, 1994). This is much larger than 
the length of the fault studied, therefore it is extremely likely that the earthquake, which caused 
the thermal maturity anomaly at MT11 and MT13 ruptured through the location of the other 
transects as well. 
 
Table 2-3: Slip required to model the best fitting MPI-4 profile for two end member stress values 
corresponding to dynamic friction (µ=0.1) and static friction (µ=0.7) for hydrostatic and drained 
conditions.  The minimum rupture length reported is calculated using scaling relationships for 
slip in the µ = 0.6, drained case (when stress is the highest). 
Friction (µ) Stress (MPa) Slip (m) Rupture length (km) 
0.1 3.4 3.15 28.0 
0.1 (drained) 5.4 1.51 1.51 
0.7 22.4 0.27 2.88 
0.7 (drained) 36.4 0.16 1.6 
 
2.8.2 Thickness and temperature rise 
Thickness of the slipping layer has a significant effect on the temperature generated 
during an event as shown in Figure 2-10 and demonstrated theoretically in Lachenbruch (1986) 
and evident in field studies by Kirkpatrick and Shipton (2009), who observed the presence of 
pseudotachylytes along only narrow section of faults in the Sierra Nevada. This leads to the 
possibility that variability in temperature rise along the fault results primarily from changes in 
thickness of the slipping layer. In this case, frictional work could be constant along the fault, 
generating significant temperature rise along thin regions, but leading to lower temperatures 
where the slipping layer is thicker (Figure 2-10). To address this, we look at the frictional work 
required to begin reacting methylphenanthrenes for a range of fault thicknesses (Figure 2-11). 
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Where high temperatures are observed, the localized cataclasite is 0.8 mm thick (MT11 and 
MT13). When the cataclasite reached 1.5 mm thick, heating was not significant (MT9 and 
MT10) and when the cataclasite was absent and slip occurred on 4 – 12 mm thick gouge layers, 
no heating was observed (MT6, MT7, MT12, and MT14; Figure 2-5). For the < 1mm-thick slip 
layer, where the highest temperatures are observed, the modeled frictional work clearly exceeds 
the minimum required for methylphenanthrene reaction (Figure 2-11). In the case of the 1.5 mm-
wide slip layers, the whole range of modeled frictional work values (3.5 – 10.7 MJm-2), is 
insufficient to cause high enough temperatures for methylphenanthrene reaction. The mean 
frictional work range (6.3 – 7.1 MJm-2) estimated from thermal maturity values at MT11 and 
MT13, is right at the boundary of what is required for methylphenanthrene reaction and for even 
thicker slip layers, it is far below that required for reaction. Therefore, it is possible to explain the 
observed thermal maturity variability between transects using changes in thickness alone, when 
considering the range of mean frictional work values between the MT11 and MT13. 
Accordingly, frictional work may have been constant along the study area and a temperature 
signal only observed where the slipping layer is < 1mm thick. These thermal maturity 
observations demonstrate that high temperatures are restricted to very thin slip layers and 
increases in thickness of these layers, on the order of millimeters, is enough to result in 
significantly lower temperatures, insufficient to cause methylphenanthrene reaction above 





Figure 2-10: A) thermal maturity and B) maximum temperature plotted against fault half-width 
resulting from frictional work of different values along different fault thicknesses, which clearly 
demonstrates the dependence of thermal maturity and temperature rise on fault width. 
 
2.8.3 Fault geometry and temperature rise 
At our study site, another possible reason for the observed temperature heterogeneity is 
the decrease in dip that occurs along the fault that would affect the resolved normal stress (Figure 
2-3). This change in dip may be part of some large-scale fault roughness, leading to stress 
variations and as a result, patches of high and low frictional work along the fault (Sagy and 
Brodsky, 2007). Shallowly dipping regions along a fault can act as releasing bends, associated 
with lower normal stress and hence frictional work. These conditions are consistent with the 
extensional features here, along with the lack of any temperature signal observed between MT6 – 
MT10. While this may be influencing stress distribution along the fault, if we only consider 
transects outside of the releasing bend we observe that thickness still controls whether we see 
temperature rise. Specifically, MT14, where the gouge layer is 12 mm thick, does not display a 





Figure 2-11: The minimum frictional work required to begin reacting methylphenanthrene (dark 
red solid line) in fault zones of different thicknesses as determined from thermal models. This 
corresponds to a temperature rise of ~500°C. Vertical dashed lines are the thickness of Principal 
slip zones samples in transects at Muddy Mountain. The orange shaded region shows the 
frictional work determined from the MPI-4 values for MT11 and MT13, while the dotted grey 
lines and translucent shaded region bound the two-sigma error of the modeled frictional work. 
The blue region indicates the conditions where no methylphenanthrene reaction is observed 
under the stress and displacement conditions used during modeling. 
 
2.8.4 Implications for slip localization 
Our work has important implications for the questions posed in the introduction: does 
earthquake propagation consistently result in localization within a fault core? And, does the 
absence of evidence of localization preclude earthquake slip? From field and thin section 
observations, we see that a < 1 – 1.5 mm thick, indurated cataclasite is sometimes present along 
the Muddy Mountain thrust (Figures 2-5, 2-6 and 2-7). According to numerical models (e.g. Platt 
et al., 2014; Rice et al., 2014), we expect a sub-millimeter-scale layer to form during earthquakes 
as a result of strain localization, independent of total gouge thickness. However, we observe that 
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this layer is not continuous along the Muddy Mountain thrust, and it is present only along a ~40 
m section of the fault in our study area, with variable thickness within that section. Estimates 
involving the minimum likely displacement suggest that the rupture length was at least 1.6 km. 
Therefore, we see evidence that the same seismic slip has been localized along narrow layers in 
some areas of the rupture patch while in others the slipping zone was thicker. From this we 
conclude that seismic slip is not uniquely associated with the narrowest structures. Slipping zone 
thickness may be influenced by other factors, such as guidance by pre-existing structures and 
fault roughness, which may affect stress distribution along the fault. Fault roughness for 
example, has been shown to have a significant effect on the architecture of a fault core from 
laboratory experiments (Chambon et al., 2006) by influencing the degree of comminution and 
slip weakening that occurs. Furthermore, although localization may occur at the rupture tip, there 
is a possibility of delocalization processes that occur once the fault is slipping (Rowe et al., 
2012a). Regardless of the mechanism behind the heterogeneity in slip layer thickness along the 
Muddy Mountain thrust, it is evident that additional complexities are playing a role in how strain 
is localized along faults. Pre-existing heterogeneities, thickness of the slipping layer, and 
complexities in fault geometry are generally not incorporated into numerical models, and are 
difficult to reproduce in the laboratory, but our results clearly demonstrate that these effects may 
be important in the Earth and essential for understanding earthquake processes. Even changes in 
thickness of the actively slipping layer of ~ 1 mm (when near the threshold thickness for 
biomarker reaction), can reduce temperature rise during earthquakes, suppressing thermally-
activated weakening mechanisms and making them essentially invisible in the rock record to 




Significant structural variability occurs along the Muddy Mountain thrust from large-scale 
changes in fault geometry to differences in the morphology of the fault core along strike. 
Samples collected along a ~120 m section of the fault demonstrate a range of thermal maturities 
resulting from temperature rise during past coseismic slip. Temperatures reach 760 – 1090°C 
along a sub-millimeter indurated cataclasite that extends along a ~20 m section of the fault.  
Evidence of high temperature rise is not observed along the rest of the study area, indicating that 
these regions either did not experience elevated temperatures or that temperatures generated 
during slip were capped at 500°C (lower bound on methylphenanthrene reaction at Muddy 
Mountain). The length-scale of the heating signal is much smaller than the required rupture patch 
size to produce the observed heat anomalies, implying that the variation in peak temperature 
along the indurated cataclasite is controlled by the observed changes in slip zone thickness rather 
than by spatial variations in slip during the earthquake. Sub-millimeter principal slip zones show 
large temperature signals, while increasing this thickness by ~1 mm leads to dramatically lower 
temperatures of less than 500°C, insufficient to result in a thermal maturity anomaly and below 
the detection limit of this method (Figure 2-11). Although changes in fault thickness can explain 
the heating signal observed, other factors could contribute to temperature heterogeneity along the 
fault including changes in fault geometry and variation in the onset of dynamic weakening 
mechanisms.  From these results, we see that considerable heterogeneity along a fault exists at 
different scales and interpretation of earthquake related properties such as temperature rise along 
even a relatively simple and well-exposed fault may not be straightforward. Due to the high 
sensitivity of temperature rise on layer thickness, only applying high temperature proxies may 
lead to incomplete detection of earthquakes along faults. 
 61 
Chapter 3: History of earthquakes along the creeping section of the 
San Andreas fault 
 
Creeping faults are difficult to assess for seismic hazard because, although they likely 
cannot nucleate large earthquakes, they may accommodate rupture. The creeping central section 
of the San Andreas fault, California, USA, has not participated in a historical large earthquake, 
however earthquake ruptures nucleating in the locked sections to the north and south may 
propagate through the creeping section. Here, we use biomarker thermal maturity analysis and 
K/Ar dating on samples from the San Andreas Fault Observatory at Depth (SAFOD) to look 
further back in time for evidence of earthquakes. Biomarker evidence of coseismic heating in a 
3.5 m-wide patch of the fault suggests the propagation of many earthquakes greater than ~Mw 6 
into this patch. We show that K/Ar dating of illite gouge is reset at temperatures typical of 
coseismic heating. Thus, measured and modeled K/Ar ages provide evidence for rupture 
propagation through the creeping section as recently as < 3.2 Ma. Our results demonstrate that 
creeping faults may host earthquakes and that large earthquakes on the central San Andreas fault 
should be considered in the analysis of seismic hazards in California. 
 
3.1 Introduction  
The San Andreas fault, California, USA, exhibits stark contrasts in slip style along its 
length (Figure 3-1A). The northern and southern sections are locked and have hosted large 
earthquakes, including the Mw 7.9 1906 San Francisco and 1857 Fort Tejon earthquakes. The 
central San Andreas fault, on the other hand, releases elastic strain through aseismic creep (Titus, 
Demets, & Tikoff, 2006). Large earthquakes do not nucleate along this segment, although Mw 5 
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and smaller events are common (Nadeau & Mcevilly, 2004). However, if a large earthquake 
initiates on either the northern or southern section and propagates into the central creeping 
section, it is possible that the central San Andreas fault may become unstable and fail 
coseismically (Noda & Lapusta, 2013). Propagation through the central San Andreas fault would 
potentially cause the entire fault to rupture in a single continuous event, increasing the maximum 
magnitude earthquake possible on the San Andreas fault to greater than Mw 8 and raising the 
overall seismic hazard of California (Cui et al., 2010). Historically, this part of the fault has not 
hosted a large earthquake (Mw>6) and paleoseismic trenching in this region suggests no evidence 
of surface-rupturing earthquakes in the last 2000 years (Toké et al., 2006). However, this is a 
relatively short seismic record and studies have demonstrated the potential for coseismic slip 
(Harris, 2017). INSAR and GPS measurements reveal creep deficits in the crust (~10–20 km 
depth), indicating that locked patches are present and accumulating strain (Maurer & Johnson, 
2014; Rolandone et al., 2008). Lab experiments and numerical models also demonstrate the 
potential of central San Andreas fault earthquakes when faults weaken dynamically at seismic 
slip rates (French et al., 2014; Kohli et al., 2011). 
We can investigate the longer-term seismic history of the central San Andreas fault by 
turning to evidence of past earthquake slip in the rock record. During an earthquake, frictional 
resistance on a fault generates dramatic temperature rise (Rowe & Griffith, 2015). Here we 
identify evidence of frictional heating during earthquakes within the drill core collected at the 
San Andreas fault Observatory at Depth (SAFOD; Figure 3-1B – D), located within the creeping 
section of the San Andreas fault. Core was collected at three separate locations within the fault 
(Figure 3-1C, D) crossing two actively deforming sections, the Southern and Central Deforming 
Zones (SDZ and CDZ, respectively; Figure 3-1C). Using biomarker thermal maturity and K/Ar 
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ages of illite, we show that a patch of the fault has experienced abundant seismicity within the 
last ~16 Myr. 
 
Figure 3-1: Overview of the San Andreas fault and SAFOD. A) Map of the San Andreas fault in 
California showing the locked (orange) and creeping (yellow) sections. Black lines indicate other 
active faults. B) and C) cross sections of drilling at SAFOD modified from Zoback et al. (2011). 
Green indicates the Salinian block and grey is the San Andreas fault zone. The blue line is the 
path of SAFOD drilling and yellow boxes are where core was collected. Lithologies within the 
SAFOD core consist mostly of rocks derived from the Great Valley Sequence, which is 
comprised of forearc siltstones, shales, and mudstones (Figure 3-1D; Bradbury et al., 2011; 
Dickinson et al. 1972; Holdsworth et al., 2011; Zoback et al., 2011).  D) Photograph of core 
retrieved during SAFOD. The SDZ and CDZ contain serpentine, the alteration of which has led 
to an enrichment in saponite and frictionally weak behavior in each zone (Carpenter et al., 2011; 
Lockner et al., 2011). This section contains a black fault rock (BFR) consisting of highly 
deformed ultracataclasite and the western side of the actively creeping SDZ. A large block of 
serpentinite, as well as calcite veins can be seen in the SDZ. 
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3.2 Coseismic Temperature Rise and the Chemistry of Faults 
Faults heat up coseismically as a function of the earthquake source parameters -- shear 
stress, displacement, and slip velocity -- as well as fault properties, including the thickness of the 
slipping zone and material properties of the rocks (Lachenbruch, 1986). Coseismic temperature 
rise can be significant, in some cases exceeding 1000°C (e.g., Rowe & Griffith, 2015). 
Biomarkers are the molecular remains of organisms that have accumulated in sediments and can 
be found in rocks (Peters et al., 2005). They have historically been used in petroleum studies to 
assess the thermal maturity of hydrocarbon-bearing source rocks, which undergo heating due to 
burial. However, biomarkers can also be used to analyze the thermal maturity of rocks that have 
been heated at higher temperatures over shorter earthquake durations (Rabinowitz et al., 2017; 
Savage et al., 2014, 2018).   
We analyze a suite of biomarker thermal maturity indices in the rocks from SAFOD and 
focus on methylphenanthrenes here (Figure 3-2, Supplementary Figure B-1 – 7). Because 
biomarkers experience structural changes during heating, we can quantify thermal maturity using 
the increase in abundance of the thermally stable isomers of these biomarkers with increasing 




               (3.1) 
where, 2MP and 3MP are the thermally stable, 2- and 3-methylphenanthrene isomers and 9MP 
and 1MP are the thermally unstable 9- and 1-methylphenthrene isomers. The kinetics of 
methylphenanthrene reaction with temperature rise links MPI-4 to the time and temperature 
conditions of an earthquake (Sheppard et al., 2015). When interpreting MPI-4, we assume any 
heating signal is a result of the largest event the fault has experienced because any smaller events 
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will have lower effect on the overall maturity due to the strong temperature dependence of the 
kinetics (Coffey et al., 2019).  
 
Figure 3-2: Measured thermal maturities and ages along the SAFOD core. A) MPI4 index, 
analytical uncertainties are smaller than the symbol size. B) K/Ar ages, error bars represent the 
two-sigma standard deviation calculated from replicate measurements, and C) Schematic 
SAFOD lithology, modified from Bradbury et al. (2015). Purple shaded regions are the SDZ and 
CDZ, while the yellow shaded area is a region of high thermal maturity from many earthquake 
events. Breaks in the plot axis are gaps between cored sections (yellow boxes in Fig. 1C). D) and 
E) Photomicrographs of slip layers in the black fault rock (BFR) shown in blue in C). Slip layers 
are outlined by the white dashed lines. A gypsum plate is inserted in E). 
 
Although biomarkers can be used to identify past earthquakes in the rock record, they do 
not provide information on earthquake timing. Recent advances in our understanding of 
geochrononology in fault studies have led to the development of a number of different dating 
tools including 40Ar/39Ar dating of illite gouge (Pluijm et al., 2001; Schleicher et al., 2010), (U–
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Th)/He dating of hematite fault surfaces (Ault et al., 2015), and apatite and zircon (U-Th)/He 
thermochronometry (Louis et al., 2019; Maino et al., 2015), which all involve dating thermal 
resetting or neomineralization events. Although 40Ar/39Ar is the analytically preferable method 
for Ar geochronology, we use the K/Ar method here due to argon recoil effects associated with 
clay grain size (Pluijm et al., 2001).  Similar to biomarker indices, we show experimentally that 
thermal resetting of K/Ar ages in illite requires much higher temperatures over the short 
durations of earthquakes than over geologic timescales. Coupled with methylphenanthrene 
temperature histories, we use K/Ar ages of fault rocks from the SAFOD core to estimate the 
possible age of past major earthquakes. 
 
3.3 Earthquake Evidence at SAFOD  
Methylphenanthrenes and other biomarkers within the SAFOD core show a clear 
background maturity due to burial heating (grey shaded region in Figure 3-2A, Supplementary 
Figure B-6). The background MPI4 due to burial heating is 0.41–0.51 at this depth, which is 
consistent with burial for millions of years at temperatures similar to the present conditions 
(~100°C; Holdsworth et al., 2011; grey shaded region in Figure 3-2A). The interval 3192–3196.5 
m has maturities that are much higher than background (yellow zone in Figure 3-2A). Thermal 
maturities within this interval range from MPI4 0.54 to 0.67, with lower values towards the 
edges. To achieve such a localized maturity signal requires a high temperature, short duration 
heating event like an earthquake. Other transient heat sources such as hydrothermal fluids are 
unlikely to cause this signal because paleofluid temperatures measured from calcite veins are 
consistent with background temperatures (Luetkemeyer et al., 2016). The high-maturity portion 
of the core is a region of pervasive deformation described as a black fault rock (BFR; Bradbury 
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et al., 2011). It consists of a black ultracataclasite with scaly fabric and abundant polished, 
highly-reflective slip layers throughout (Figure 3-1D). Using light and scanning electron 
microscopy, we determined that slip layer thickness varies from 100 µm to 1.8 cm (average 2 
mm). Previous studies show that high temperatures are typically restricted to micrometer and 
millimeter thick layers during earthquakes (Coffey et al., 2019; Savage & Polissar, 2019; Savage 
et al., 2018). Therefore, given the abundance of slip layers and the spatial range of our high 
maturity samples along the BFR, it is very likely that this zone has hosted many (>100) 
earthquakes.  
 
3.4 How large were the earthquakes in the creeping section? 
We estimated temperatures within the BFR by modeling heat generation and diffusion 
along a slip layer (Jaeger & Carslaw, 1959; see supplement for equations). Coupling this with 
methylphenanthrene reaction kinetics allows us to forward model biomarker reaction for 
different earthquake properties and to identify the thermal maturity and temperature profiles that 
best fit our measurements (Sweeney & Burnham, 1990). The mean modeled maximum 
temperature experienced by reacted samples is 830°C (95% CI 480 °C – 1300 °C) although 
temperatures above ~1100 °C are unlikely as no evidence of bulk melting has been documented 
in the SAFOD core (Figure 3-3A; S10). Using these best-fitting temperature profiles along with 
parameters in table 3-1, we can extract the corresponding displacements and place constraints on 
these for the earthquakes propagating through this patch. Our models show that possible 
displacements for each sample fall into a 95% confidence interval of 0.3 – 4.9 m (Figure 3-3B). 
Uncertainties in friction, thickness of the slipping layer (Figure 3-2D, E), and the reaction 
kinetics of MPI4 lead to the wide range of possible displacements that match our signal. The 
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lower end of these displacements is consistent with Mw 6 Parkfield-sized earthquakes and may 
mean that some Parkfield-type events have propagated this far into the creeping section. 
However, given that we expect the average friction during most modeled events to be close to 
0.1 (Supplementary Figure B-14), most displacements are consistent with earthquakes of Mw 7 
or greater and it is likely that some of these earthquakes are larger magnitude than Parkfield-type 
events. Modeled displacements represent slip at a single point and this may not be the same over 
the entire slip area. If this fault patch actually experienced maximum displacement during the 
earthquake, the magnitude could be lower than reported here. But given the shallow depth and 
the abundance of clay in the creeping section, we do not think it is likely that the maximum slip 
would occur here.   
 
Table 3-1: Parameters used to model SAFOD earthquake displacements and apparent ages 
resulting from thermal resetting. Under the normal stress conditions at SAFOD, friction during 
sliding evolves from a peak value to steady state over a thermal weakening distance of ~8 cm (G 
Di Toro et al., 2011). Because the peak friction has a larger effect on the average friction for 
small earthquakes compared to large, we calculate the range of average friction for 
displacements used in our thermal model and this ranges from 0.27 at the lowest to 0.1 at the 
highest displacements (Supplementary Figure B-14). 
Parameter  Value Source 
Friction, µ 0.1 – 0.2 
Measured (Carpenter et al., 
2011; G Di Toro et al., 2011) 
Slip layer thickness (mm) 0.1 – 18 Measured, this study 
Background MPI4 0.488 Measured, this study 
Starting age (Ma) 63 Measured, this study 
Displacement (m) 0.2 - 15 Modeled, this study  
Slip velocity (m/s)  1 Modeled (Heaton, 1990) 
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Effective normal stress (MPa) 49 
Measured (Hickman & Zoback, 
2004) 
Depth (m) 3000 Measured (Zoback et al., 2011) 
Ambient temperature (°C) 100 Measured (Zoback et al., 2011) 
Heat capacity (Jkg-1K-1) 910 
Siltstone measurements (G Di 
Toro et al., 2011) 
Thermal diffusivity (m2s-1) 1x10-6 
Siltstone measurements (G Di 
Toro et al., 2011) 
Density (kgm-3) 2600  Measured (Jeppson et al., 2010) 
Activation energy (kcalK-1mol-1) 22.4 ± 2.7 Measured (Savage et al., 2018) 
Frequency factor (s-1) 1.6x104 ± 11.0 Measured (Savage et al., 2018) 
 
Despite sampling along 41 m of the San Andreas fault zone, we find evidence of 
seismicity only in the ~3.5 m-wide BFR. It is unclear why earthquakes continually rupture 
through this patch instead of the frictionally-weaker adjacent SDZ or CDZ (Carpenter et al., 
2011). Although it is possible earthquakes occurred in unsampled regions of the fault zone, the 
BFR appears susceptible to earthquake rupture that does not occur elsewhere in the sampled 
intervals. Development of a strain gradient between the creeping SDZ and locked BFR may 
contribute to earthquake localization at this boundary instead of within frictionally weak layers. 
Our observations suggest that regions of aseismic creep may prime nearby locked locations for 
unstable behavior as predicted by dynamic rupture models (Jiang & Lapusta, 2016). However, 




Figure 3-3: Modeled temperature rise and possible SAFOD earthquake displacements. A) PDFs 
of maximum temperature experienced by each reacted sample. 95% confidence interval limits 
are indicated by solid lines in the tails of each distribution. The width of these pdfs is largely due 
to uncertainties in MPI4 kinetics (table 3-1). B) Possible earthquake displacements for the µ = 
0.1 (blue) and µ = 0.2 case (green). Dotted lines in each plot represent the most probable 
temperature rise and displacement experienced by each sample. 
 
3.5 When did earthquakes occur in the creeping section? 
Apparent mean K/Ar dates measured within bulk samples from the SAFOD core range 
from 3.2 Ma to 62.3 Ma (Figure 3-2B, two-sigma uncertainties of 0.4–15.6 Ma). We group these 
ages based on position: those that (1) lie within the BFR, (2) in the deforming zones (CDZ, 
SDZ), and (3) in the background Great Valley Sequence. The mean age of the Great Valley 
Sequence is 56.1 Ma, with ages ranging between 46.5 and 62.3 Ma (two-sigma uncertainties of 
2–4 Ma). The oldest of these are consistent with the reported zircon and apatite fission track ages 
of deposition and burial of the Great Valley Sequence (Vermeesch et al., 2006) to and represent 
the timing of regional exhumation. Ages within the CDZ are slightly younger than the Great 
Valley Sequence, with a mean apparent age of 38.4 Ma (mean apparent ages of 33.8–43.1 Ma, 
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two-sigma uncertainties range from 3.6–15.6 Ma). A sample from the SDZ was also measured 
but contained a large amount of air and very little potassium so it was not included. Ages in the 
CDZ are younger than the published ages of the Great Valley Sequence described above, 
possibly because of the addition of authigenic illite produced by continuous deformation and 
fluid-rock interaction during aseismic creep (Schleicher et al., 2010). The youngest K/Ar ages 
occur within the BFR and range from 3.3 to 9.5 Ma (two-sigma uncertainties range from 0.4 – 3 
Ma). These ages occur in samples with the highest thermal maturity and thus have experienced 
the highest temperatures. We see that thermal maturity and age are inversely related 
(Supplementary Figure B-9) as expected from thermal resetting. Therefore, we infer that these 
samples have experienced resetting during coseismic slip and reflect maximum earthquake ages. 
In order to interpret the earthquake ages at SAFOD, we need to determine the magnitude 
of thermal resetting (i.e. Ar loss) and associated impact on the K-Ar date during earthquakes. 
Measured ages reflect the maximum timing of thermal resetting, and if partial resetting occurred 
the timing of the event will be younger. The closure temperature for K/Ar in fine-grained illite is 
estimated to be 250–350°C based on Ar diffusion measurements in muscovite (Duvall et al., 
2011). However, this calculation assumes cooling rates of 1–10 °C/Ma; a similar magnitude of 
Ar loss during a seismic event that lasts a few seconds will require much higher temperatures. 
Calculating closure temperatures for geologic timescales from laboratory experiments usually 
requires isolating a mineralogically-stable, uniformly-sized, and compositionally-homogenous 
sample in order to confidently extrapolate over many orders of magnitude in diffusivity. It is not 
possible to isolate such a sample from these fine-grained clays, but it is also not necessary to 
extrapolate over such a wide range of conditions. Instead, we performed rapid heating 
experiments on a 62.3 Ma Great Valley Sequence sample outside of the BFR that was not 
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affected by earthquake heating. We used a diode laser to heat the sample to temperatures of 500–
820°C for 10 s in order to directly simulate earthquake conditions, then we measured the fraction 
of argon released (Figure 3-4A; see supplement for detailed experimental set-up).  
 
Figure 3-4: Results of laser heating experiments and age modeling for the earthquake heating 
conditions inferred at SAFOD. A) Fraction of argon released as a function of temperature during 
~10 s laboratory heating experiments. B) Measured (green) and median modeled reset ages for 
an earthquake that occurred yesterday(blue). The difference in time between the modeled reset 
age and measured age is the time that has elapsed since the earthquake. It is important to note 
that the range of modeled reset ages span the age-space shown here, for all earthquake and 
kinetic parameters outlined in table 3-1 and this variation is incorporated in C. Error bars on the 
measured values are the two-sigma standard deviations from replicate measurements. C) 
Earthquake age pdfs for each of the thermally mature samples in SAFOD, plotted as the 
distribution of residual age (measured minus modeled). Negative residuals are truncated. The red 
dotted line is a sample’s measured age. The yellow shaded region is the time span required to 
move the BFR from the southern San Andreas fault to its present-day position, calculated using 
the slip rate of the southern end of the central San Andreas fault. 
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Preliminary experiments indicated that the diffusivity may change quickly due to heating-
related structural alteration of illite, so we perform experiments over timescales relevant to 
earthquake heating rather than extrapolating from a more traditional experimental length. The 
fraction of Ar released during heating is a simple function of temperature over the range 
predicted for SAFOD earthquakes (Figure 3-4A), and the results suggest that K/Ar ages from our 
samples should be fully reset during the largest predicted earthquakes. While, the temperature 
required for resetting may be grain-size dependent, we find that are our samples predominantly 
consist of < 2 µm grains and thus interpret that this resetting relationship is true for all our 
samples. We used the best-fit line of the experimental results, the heating conditions inferred 
from biomarkers (Figure 3-3A, Supplementary Figure 3-10), and the distribution of our unheated 
background ages to calculate the fraction of Ar released and the reset age at the time of an 
earthquake. These reset ages therefore, reflect the MPI-4 based temperature estimates specific to 
each sample. Median reset ages modeled for each sample from the BFR are shown in Figure 3-
4B alongside the measured age. Model ages reflect the apparent age of the sample at the time of 
the earthquake, before additional subsequent Ar accumulation. These range from 0 to 8.82 Ma 
with 95% confidence interval limits between 0 and 31.5 Ma, demonstrating that near to complete 
resetting has likely occurred during coseismic slip. If central San Andreas fault earthquakes 
occurred in modern time, we would expect the measured ages and modeled reset ages to be 0 
Ma. This is not the case as shown in Figure 3-4B. Most modeled reset ages are younger than the 
measured age, with half completely reset (0 Ma age), indicating that argon has accumulated over 
some period since the earthquake. Therefore, the difference between these ages is a conservative 
estimate of earthquake age (Figure 3-4C). Cases where the modeled reset age is older than the 
measured age are not allowed because this implies a negative age for the events. Earthquake ages 
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range from 0 – 16.3 Ma within the BFR, although the most probable age for each event is close 
to its measured age. Uncertainty in modeled reset and earthquake ages is due primarily to the 
uncertainty in the heating temperature from MPI4 kinetics and Ar diffusion kinetics that future 
work will refine. 
 
3.6 Implications and conclusions 
There are two important caveats to consider when interpreting our results. The first is that 
it is possible that the large-magnitude seismicity shown here originally occurred along the 
southern San Andreas fault, and that the BFR block was subsequently translated to its present-
day position at SAFOD. The central San Andreas fault at its southern end creeps at a rate of 10–
15 mm/yr (Jolivet et al., 2015) meaning it would take 1.2–1.6 My to transport the BFR 17.6 km 
from the locked portion of the fault to SAFOD. The age range of the earthquakes at SAFOD 
allows for all events to have occurred while the BFR was within the creeping section, but the 
probability distributions of earthquakes ages suggest that these data likely reflect earthquake 
activity in the BFR older than 1.6 Myr. Given this timing it is possible that the BFR was located 
in the southern San Andreas fault when seismicity occurred, however we think that this scenario 
is unlikely. The BFR is located within the fault zone, not on the Pacific plate. Despite being on 
the Pacific plate side of the actively deforming SDZ and CDZ, if any displacement occurred 
between the BFR and the Salinian block, this patch would move relatively southeast. In fact, its 
geochemical similarity to the rest of the SAFOD core – apart from the deforming zones 
(Bradbury et al., 2011) – shows that this block does not have a distinct history from the rest of 
the Great Valley rocks in the SAFOD core and has remained close to its present position. The 
second caveat is that we do not know if creeping sections are long-lived fault features, and it is 
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possible that these earthquakes occurred near their present location, but at a time when the 
central San Andreas fault failed in large earthquakes instead of through aseismic creep (Titus et 
al., 2011). This scenario would still imply that creeping faults are capable of participating in 
earthquakes, however participation in earthquakes may not be consistent over million-year 
timescales. 
A fundamental takeaway from this work is that through combining independent 
temperature proxies with thermochronology and detailed compositional and textural observations 
we can access the seismic history of the San Andreas fault over 16 million years. This provides a 
powerful new method for conducting paleoseismology on the >100,000-year timescales. In doing 
this, we show that large (Mw>6) earthquakes have repeatedly ruptured the rocks at SAFOD and 
K-Ar dating of fault rocks constrain these earthquakes to the past 16 Myr. Furthermore, 
biomarker thermal maturity demonstrates that earthquakes were localized outside of the weaker 
deforming zones within the fault, suggesting that these properties may not preclude major 
earthquakes along creeping faults provided that some strain accumulates (as has been previously 
suggested for the central San Andreas fault). Ultimately, our work bridging earthquake science 
and tectonics, points to the potential for higher magnitude earthquakes in central California, 
highlighting the importance of including the central San Andreas and other creeping faults in 
seismic hazard analysis. 
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Chapter 4 - Evidence of seismic slip on a large splay fault in the 
Hikurangi subduction zone 
 
The Hikurangi subduction zone is capable of producing moderate to large earthquakes as 
well as regular slow slip events. However, it is unclear where these different slip styles are 
accommodated at this margin. Here we address whether splay faults can be seismic by 
investigating the Pāpaku fault, sampled during IODP EXP375. We use biomarker thermal 
maturity to document evidence of earthquake slip on structures within the Pāpaku fault zone. 
Thermal modeling shows that the most likely displacements during these events fall between 11 
– 15 m. Our results demonstrate that the Pāpaku fault, and potentially other splay faults along the 
margin, are seismogenic and have the potential to produce large tsunami. 
 
4.1 Introduction 
Subduction zones are capable of producing the largest earthquakes on Earth and as such, 
are associated with high seismic hazard and tsunamigenic potential. Constraining how strain is 
accommodated across subduction zones, including the plate boundary and accretionary wedge 
faults, is necessary to better understand their seismic potential. However, understanding 
earthquake slip in these regions is complicated by subduction zone heterogeneity in lithology, 
deformation in the upper plate, and seafloor topography (Barker et al., 2018; Barnes et al., 2020; 
Bell et al., 2010). Furthermore, slower slip also occurs within subduction zones, for instance 
slow slip events, low frequency earthquakes, and tremor (Jolivet & Frank, 2020; Shaddox & 
Schwartz, 2019; Laura M. Wallace & Beavan, 2010), which influence coupling and strain release 
over time (Wallace et al., 2004; Wallace et al., 2009). To accurately understand the hazard posed 
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by subduction zones, it is necessary to determine how the associated structures participate in the 
earthquake cycle. 
The Hikurangi subduction zone extends along the eastern edge of the North Island of 
New Zealand, and accommodates convergence between the Pacific and Australian plates at a rate 
of ~ 50 mm/yr (Wallace et al., 2004). Shallow and deep slow slip events regularly occur along 
the northern and southern ends of the margin, respectively, (e.g. McCaffrey et al., 2008; Wallace 
& Beavan, 2010; Wallace et al., 2016) and play a fundamental role in relieving strain along the 
subduction interface (Wallace et al., 2009). In addition, historic and geologic evidence 
demonstrates that moderate to large earthquakes occur at the Hikurangi Margin (Berryman et al., 
2011; Berryman et al., 1989; Ota et al. , 1991; Pouderoux et al., 2014; Wilson et al., 2006). 
Notable earthquakes include the 1947 Tolaga Bay and Poverty Bay earthquakes (Figure 4-1). 
These Mw 7 events were tsunami earthquakes with low shaking intensity and rupture velocity 
(Bell et al., 2014; Bilek & Lay, 2002; Johnson & Satake, 1997). Although the evidence of a wide 
spectrum of slip velocities at the Hikurangi margin is well documented, the exact structures that 
participate in slip events of different speeds over geologic time are unclear.  
IODP expedition 372/375 drilled through the accretionary wedge of the Hikurangi 
subduction zone and collected core at four sites (Figure 4-1A). Site U1518 cored through the 
Pāpaku fault, one of numerous reverse faults along the margin that splay off the megathrust (Bell 
et al., 2010; Fagereng et al., 2019). Paleoseismic studies infer earthquake slip along splays (Ota 
et al., 1991; Pouderoux et al., 2014), however we still lack direct evidence of large earthquakes 
on these structures. Coseismic displacement along more steeply-dipping faults , such as the 
Pāpaku fault, has greater potential for tsunamigenesis than displacement along the megathrust 
(Wendt et al., 2009). Here, we investigate the seismic history of the Pāpaku fault by measuring 
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biomarker thermal maturity on samples from U1518 as a proxy for frictionally-generated 
temperature rise during seismic slip. We identify thermally-mature samples within and above the 
Pāpaku fault zone and constrain the temperatures and displacements required for reaction to 
these thermally-mature values at a range of slip velocities consistent with both tsunami and 
regular earthquakes. 
 
Figure 4-1: Overview of the northern Hikurangi subduction zone. A) Map showing the location 
of the northern Hikurangi subduction zone sites drilled during IODP EXP375. The 1947 Tolaga 
Bay (north) and Poverty Bay (south) earthquakes are indicated by yellow stars. B) Seismic 
profile along line A-A’ in A) showing structure of the deformation front, modified from Barker 
et al. (2018). The yellow star in B) marks the hypocenter of the 1947 Poverty Bay earthquake. 
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4.2 Background 
4.2.1 The Pāpaku fault  
Rooted in the megathrust decollement (Figure 4-1B), the Pāpaku fault extends through 
the accretionary prism up to the seafloor, and has hosted ~6 km of total displacement (Barker et 
al., 2018). It can broadly be split into the older and more consolidated hanging wall, the highly-
deformed fault zone, and the footwall. We consider the entire fault zone together here, although 
it can be further divided by deformation intensity into an upper main fault (304 – 322 meters 
below sea floor, mbsf), a lower subsidiary fault (351 – 361 mbsf), and a region of less-intense 
deformation between the two (Fagereng et al., 2019). Evidence of mixed-mode deformation is 
pervasive throughout the fault zone and includes fractures, brittle faulting, flow structures, and 
folding (Figure 4-1B). Such a range of structures is consistent with the fault slipping at different 
strain rates or different effective normal stress (Fagereng et al., 2019).   
 
4.2.2 Biomarker paleothermometry on faults 
 During an earthquake, frictional resistance along a fault can lead to the generation of very 
high temperatures, sometimes high enough to melt rock and produce pseudotachylyte (Sibson, 







         (4-1) 
where, H is shear stress, I is density,	Jj is heat capacity, v is slip velocity, t is slip duration, and a 
is the fault half width. High temperatures can only be reached during coseismic slip, when heat 
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generation outpaces heat diffusion. Therefore, evidence of localized high temperatures can be 
used to identify coseismic slip in exhumed or drilled faults.  
Biomarker thermal maturity is an effective tool for identifying zones of coseismic slip 
within a fault zone (Coffey et al., 2019; Polissar et al, 2011; Rabinowitz et al., 2020; Savage & 
Polissar, 2019; Savage et al., 2014). Biomarkers are the molecular remains of organisms 
preserved in sedimentary rocks, which, when heated, undergo structural changes, 
rearrangements, or transformations depending upon the thermal stability of the molecules. These 
molecular changes lead to shifts in the abundance of a particular biomarker or in the ratios of 
different biomarkers that can be used to constrain earthquake-heating conditions (Rabinowitz et 
al., 2017; Savage et al., 2018; Sheppard et al, 2015). We define a thermal maturity signal as an 
increase in the extent of biomarker reaction above the background maturity by at least the two-
sigma analytical error. Therefore, placing careful constraints on the background thermal maturity 
of sediment, which is a function of sediment source and depth of burial, is necessary for accurate 
interpretation of thermal maturity measurements (Polissar et al., 2011). In this study we utilize 
long-chain n-alkanes and long-chain unsaturated ketones (alkenones) as they are prevalent at the 
depths drilled during EXP 372/375. 
Long-chain n-alkanes are found in the leaf waxes of plants and have a biological 
preference for odd-numbered carbon chains (Eglinton et al., 1962; Eglinton & Hamilton, 1967). 
As they are heated, cracking reactions occur and carbon chain lengths become more randomly 
distributed (Simoneit, 1994), ultimately resulting in a distribution with no preference for odd n-
alkanes. We can track these changes using the Carbon Preference Index (CPI, equation 4-2), 




                        (4-2) 
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Alkenones are long-chain unsaturated methyl- and ethyl-ketones (MK and EK) produced 
by the Prymnesiophyceae class of algae. They are used in paleoclimate studies to constrain past 
sea-surface temperatures because alkenone unsaturation, the number of double bonds in the 
molecule, decreases with increasing temperature (Brassell et al., 1986; Simoneit, 1994). 
Alkenones also demonstrate this relationship when heated at earthquake temperatures and 







                    (4-3)  
"/w
xy increases with temperature due to the faster destruction of the tri-saturated alkenones 
(MK37:3) relative to di-saturated alkenones (MK37:2). We also look at the concentration of 
MK37:3 and MK37:2, which we refer to collectively as alkenone concentration. The rate of 
alkenone destruction increases with increasing temperature and as a result alkenone 
concentration decreases with higher temperatures and longer duration of heating.  
We measured biomarkers in samples at site U1518 to explore the thermal maturity of 
fault zone rocks. Any samples that contained localized features, both outside and within the fault 
zone, were subsampled to isolate material from these structures and maximize our ability to 
detect a heating signal. Samples from site U1520, which consists of input sediments to the 
trench, were also measured to establish the background thermal maturity of material from 
U1518. Detail methodology and lab procedures can be found in the supplement. 
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4.3 Thermal maturity in the Pāpaku fault 
We group biomarker results based upon whether they are hanging wall, footwall, or fault 
zone samples (Figure 4-2). In order to identify any thermal maturity signals present, we compare 
each sample to the maturity of background samples. At the low temperatures encountered here 
(~10°C at 300 mbsf in U1518; Wallace et al. 2019), maturation from burial heating is not a 
factor.  However, variations in the background values also occurs due to natural variability in the 
source of the molecules at the time of deposition (e.g. due to sea surface temperature change 
etc.). As a result, the measured maturity is a function of both the thermal history of that 
sediment, as well as its source or starting maturity value. The background maturity of the 
hanging wall and footwall sediments are considered separately as the hanging wall has been 
exhumed from depth and is older, meaning it could have slightly higher burial temperatures and 
different sources than the fault zone and footwall. We use values from the undeformed input 
sediments at U1520 for background maturity, grouping samples by biostratigraphic ages that 
correlate to the biostratigraphic ages of the hanging and footwall sediments in U1518 (Wallace et 
al., 2019). Samples between 220 – 270 mbsf in U1520 are of similar age and used to evaluate the 
background maturity of the footwall and fault zone in U1518 (i.e. above > 304 m). We include 
samples from the footwall of U1518 when evaluating the thermal maturity of the fault zone as 
these are not associated with deformation and have low maturities close to what is observed in 
the relevant interval of U1520. In the hanging wall of U1518 there is over 100 ka of deposition 
that has occurred and ages range from 530 – 640 ka. This corresponds to only a narrow interval 
in U1520, between 391 and 416 m, within which we have only a single measurement of thermal 
maturity. This extended time interval likely plays a role in the high variability of maturities in the 
hanging wall and it is unlikely we have captured the true background maturity of sediment in the 
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hanging wall with a single sample from U1520. Because of this, we focus only on investigating 
whether thermal maturities in the fault zone show evidence of heating. 
 
 
Figure 4-2: A, B, C) Maturity profiles for "/wx
y, CPI, and alkenone concentration. Points are color 
coded based upon location in the fault. Error bars are the two-sigma analytical uncertainty. The 
grey dotted line is earthquake detection threshold. It is absent in c) because it is below zero due 
to the background variability and analytical error of alkenones at the Pāpaku fault. Any samples 
that plot to the right of this line are possible heating signals. The red shaded regions are locations 
where evidence of coseismic heating has been identified. D, E, F) Cumulative distribution 
functions for CPI, "/wx
y, and alkenone concentration comparing U1518 with their background 
populations. The 99.5% confidence interval, including the analytical uncertainties, of the fault 
zone background is shown in blue and the mean is indicated by the dashed line. 
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Thermal maturities in the fault zone are variable. Abundant turbidites are present in 
U1518 (Wallace et al., 2019), which can indicate numerous inputs deposited in a single setting 
(Chough, 1984; Frenz et al., 2009; Perri et al., 2012). Therefore, variability is likely a 
consequence of variability in the source of the sediment supply to the Hikurangi margin over 
time (Peters et al., 2005). To account for this variability, we take the most conservative approach 
and only consider a sample as having reacted from heating if it is more mature than its 
background population. Because our background distributions are non-Gaussian we use 
bootstrap resampling to calculate the 99.5% confidence interval for the fault zone background 
(Figure 4-2D – F). Any sample, including its uncertainties, that is more mature than this and the 
analytical uncertainty of our measurements, we interpret to be heated. We refer to this as the 
earthquake detection threshold. Because of the large range of background values, this approach 
likely misses some samples that were heated but did not react sufficiently to exceed the highest 
values of the background samples. However, we can be confident that we are identifying samples 
that fall outside of the distribution of background samples and have therefore, experienced 
coseismic heating. Typically, we evaluate heating in a sample by the progressive maturation 
above background in MK37:2+37:3, followed by "/wx
y and CPI at higher temperatures (Rabinowitz et 
al., 2020). However, at Hikurangi, the ranges of alkenone concentration parameters MK37:2+37:3 
and "/wx
y background values are large and therefore the CPI reaction extent is the first to exceed 
the background values. In the case of alkenone concentration (Figure 4-2C), variation in 
background and the analytical error of these measurements mean that the earthquake detection 
threshold is below or near to zero. Therefore, we cannot confidently distinguish earthquake-
heating signals from background using alkenone concentration.  
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We also examine cumulative distribution functions (CDFs) of hanging wall, footwall, and 
fault zone maturities for each biomarker (Figure 4-2D-F). The CDFs allow us to examine 
whether populations as a whole might have matured (Figure 4-2D-F). For example, the ‘cool’ tail 
of fault-zone samples could be systematically more thermally mature than background samples 
even if the most mature samples in the fault-zone and background samples are similar.  CDFs of 
fault rocks at the Punchbowl fault revealed that some of the fault rock populations are more 
mature on average than the background samples, despite the lack of any specific heating peaks 
above the maximum background (Savage and Polissar, 2019). 
 
4.3.1 Footwall thermal maturity 
There are no samples in the footwall that plot above the detection threshold for any of the 
biomarkers measured suggesting that no heating has occurred in the footwall. This is supported 
by the CDFs where the footwall maturities for each biomarker are less mature or the same 
maturity as the background distribution (shallow U1520). Because of the lack of heating signal 
in the footwall, we compare the fault zone to both the footwall and age-appropriate samples from 
U1520 as this gives us a robust view of the range of background maturity. 
 
4.3.2 Fault zone thermal maturity 
Four CPI measurements from within the Pāpaku fault zone (305.70, 313.85, 341.82, and 
343.75 mbsf) plot above the detection threshold and are identified as coseismic heating signals. 
The CDFs of n-alkane CPI show these samples as anomalous compared to background samples, 
as well as the rest of the fault zone samples (Figure 4-2D). The four heated samples were 
collected from regions where deformation features are prominent. The shallowest sample 
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(PP2799; Figure 4-3A) is located ~ 1m from the boundary between the top of the fault and 
hanging wall within a highly-deformed, breccia unit. The next deepest sample (PP2801; Figure 
4-3B) was located at a transition between highly-brecciated material above and more ductilely-
deformed material below. The two deepest samples within the fault (PP2803 and PP2773; Figure 
4-3C, D), are not associated with significant brittle deformation, however they are located in 
areas of abundant ductile deformation. The two samples where brittle deformation features are 
absent are likely either overprinted by ductile deformation or ductile structures may have hosted 
earthquake slip. We are unable to identify the "/wx
y values of these samples as different from the 
background (due to the large range of background values), but values are consistent with 




Figure 4-3: Core photos of the four samples in the fault zone demonstrating evidence of 
reaction. All core images show clear evidence of deformation. The dashed line in B) represents a 
transition from more brittlely-deformed material above to a region of ductile deformation below. 
 
4.4 Thermal modeling coseismic temperature rise 
Temperature-dependent reaction kinetics allow us to constrain the coseismic heating 
needed to produce the biomarker thermal maturity in the fault zone. When modeling coseismic 
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temperature rise, we assume that all reaction occurred during a single earthquake. This is based 
upon previous work which has shown that a thermal maturity signal is dominated by the largest 
earthquake the fault has experienced (Coffey et al., 2019). Although smaller earthquakes can, 
and probably do, enhance the thermal maturity to some extent, our approach allows us to 
determine the largest possible earthquake that could have generated the thermal anomaly in our 
dataset. Our model procedure is summarized in Figure 4-4. First, we use heat generation and 
diffusion equations (Carslaw & Jaeger, 1959; A. H. Lachenbruch, 1986) to forward model 
coseismic temperature rise across a fault for a range of possible fault geometry and slip 
conditions (Figure 4-4A). Coseismic temperature rise within the fault zone is described as:  
 




















Ñ     (4-4) 
  
where x is distance from the midpoint of the fault, t is time, t* is the duration of the event, H is 
shear stress, v is slip velocity, a is the half-width of the slip layer, I is density, cp is heat capacity, 
U is thermal diffusivity, and Q3RSTJ is the second integral of the complementary error function. 
É(Ö) is the Heaviside function evaluated for Ö = 9 − 9∗. Parameters used in this calculation can 
be found in table 4-1. Outside of the actively slipping layer, temperature rise is described as: 
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From these equations we can calculate time-temperature histories for different earthquake 
scenarios (Figure 4-4B). To do this we assume that during the event, conditions change in one 
dimension across the fault, heat is transferred only by conduction, slip velocity and fault width 
are constant, and deformation in the fault zone is homogenous. Because friction evolves with 
sliding over some thermal weakening distance, we calculate the average friction during sliding, 
which is a function of displacement, and use this in our thermal modeling (Di Toro et al., 2011; 
Seyler et al., 2020). We explore slip velocities between 0.2 – 1 m/s to cover a spectrum of slip 
velocities from slower-rupturing tsunami earthquakes to regular coseismic slip (Ikari, in prep; 
Meneghini, in prep). These and other modeling parameters are outlined in table 4-1. Fault width, 
displacement, slip velocity, and friction are modeled as uniform distributions to propagate 
uncertainties using a Monte Carlo approach.  
 
Table 4-1: parameters used to model the temperature rise experienced by coseismically heated 
samples in U1518 
Fault property  Value Source 
Peak friction 0.65 Ikari, in prep; Meneghini, in prep. 
Steady-state friction 0.3 Meneghini, in prep. 
Density (kgm3) 1800  Wallace et al. (2019) 
Heat capacity (JKg-1K-1) 760  Lin et al., 2014 
Thermal diffusivity (m2s-1) 1x10-6 Wallace et al. (2019) 
Effective normal stress (MPa) 2.4  This study 
Displacement (m) 0.2 – 30 This study 
Slip-layer thickness (mm) 0.100 – 2 This study 
Velocity (ms-1) 0.2 – 1 Heaton (1990), Bell et al. (2014) 
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We then simulate the change in "/wx
y, CPI, and alkenone concentration for each of these 
time-temperature histories. The reaction extent for each of these thermal maturity parameters can 
be described using a first-order Arrhenius equation: 
ln % = _R
ab
cà               (4-6) 
where â is the ideal gas constant, = is temperature in Kelvin, and % is the rate constant. _ and äC  
are the experimentally-determined frequency factor and activation energy for each biomarker 
reaction (Rabinowitz et al., 2017). A Monte Carlo approach is used to propagate uncertainties in 
_ and äC . Parametric bootstrapping is used to generate a population of _-äC  pairs that fit the 
reaction kinetics for each biomarker and each _-äC  pair is coupled with each time-temperature 
history to compute biomarker reaction profiles that reflect all uncertainties in the data (Figure 4-
4B). 
Finally, we filter the modeled biomarker results to eliminate all profiles that do not agree 
with the measured thermal maturity data (Figure 4-4C, Supplementary Figure C-8). Cases where 
temperature rise is greater than 1100°C are also removed, as this is above the melting 
temperature of most clays (Srinivasachar et al., 1990) and no evidence of melting has been 
observed in the core to date. The final result is a distribution of possible fault parameters that can 





Figure 4-4: Modeling procedure to determine temperature rise and displacement for 
reacted samples. A) Modeling heat generation and diffusion across a fault from the beginning (t0) 
to end (t1) of sliding. B) Forward modeling temperature rise and biomarker reaction by coupling 
time and temperature conditions from A) with the reaction kinetics for each biomarker. C) 
Identifying the biomarker reaction profiles that are consistent with the measured values for the 
reacted samples and that result from temperatures below the melting point (MP) of clay.   
 
4.5 Pāpaku fault earthquakes 
4.5.1 Constraints on possible earthquake displacements 
We identify evidence of coseismic heating in the CPI of four samples from within the 
Pāpaku fault zone. Alkenones and n-alkanes have different reaction kinetics and therefore, will 
not react to the same extent during the same heating conditions. This is illustrated for the fault 
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zone samples in Figure 4-5, where we have modeled the reaction that occurs for each CPI, "/wx
y, 
and alkenone concentration for a range of earthquake parameters outlined in table 4-1. We 
modeled slip velocities of 0.2 and 1 m/s to simulate reaction during slower-rupturing tsunami 
earthquakes and regular-speed coseismic slip events (Bell et al., 2014; Heaton, 1990). Slower 
slip velocities, for example during SSEs, do not generate high enough temperatures to cause 
biomarker reaction. From these results it is clear that CPI reaction can be distinguished from 
background maturity at lower temperatures and displacements than for MK37:2+37:3 or "/wx
y (Figure 
4-5A – D). Therefore, we can use the differences in kinetics of MK37:2+37:3, "/wx
y and CPI to place 
constraints on possible earthquake displacements along and near the Pāpaku fault. We generally 
expect to see alkenone destruction in samples exhibiting CPI or "/wx
y reaction, however when 
looking at the modeled alkenone destruction with displacement for the Pāpaku fault (Figure 4-
5E, F) we can see that the variability in the background alkenone concentration spans close to the 





Figure 4-5: Biomarker reaction with displacement for slip velocities of 0.2 and 1 m/s and 
reaction in the fault zone and footwall. Grey shaded regions show the range of background 
maturities for each biomarker. Red shaded areas show the measured range of thermal maturities 
in thermally altered samples from the fault. For "/wx
y and alkenone concentration, where reaction 
was not observed, the red dashed line indicates the minimum amount of reaction required to 
produce a thermal maturity signal above background. Yellow shaded regions represent maturities 
and hence displacements that are consistent with our measurements and are used to constrain 
minimum bounds on displacement. The variability in alkenone concentration means that we 
cannot constrain displacement as any reaction that occurs will lead to alkenone concentrations 
that fall within the background range. The overlap of yellow areas in A), C) and E) or B), D) and 
F) indicate the range of slip values allowed by the biomarker results for slip velocities of 0.2 and 
1 m/s, respectively. 
 
4.5.2 Earthquake displacement distributions 
In addition to illustrating the relationship between displacement and reaction for each of 
biomarker parameters in Figure 4-5, we create PDFs of earthquake displacement for each reacted 
sample in U1518. As described above, we take all the possible earthquakes modeled from the 
parameters in table 4-1 and discard the events that do not produce thermal maturities consistent 
with the CPI and "/wx
y measured for each sample, as well as those that lead to temperatures above 
melting (>1100°C). We then create probability density functions (PDFs) of displacement for 
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each heated sample to identify the most probable displacements during each event (Figure 4-6). 
These are outlined in table 4-3. For a 1 m/s earthquake the highest probability displacements for 
each sample range between 11.1 – 14.4 m, while for tsunami earthquake velocities (< 1 m/s) 
these fall between 13.5 – 23.6 m. Overall, at slip rates of between 0.8 – 1 m/s, the most likely 
displacements are on the higher end of estimates of displacement from paleoseismic studies of 
terraces and subsidence along the Hikurangi margin (1 - 10 m; e.g. Berryman et al., 1989; Ota et 
al., 1990; Wilson et a., 2007). Slower earthquakes are less likely due to the large displacements 
required to fit the data.  Contributions from smaller earthquakes could also contribute to the 
thermal signal, in which case the largest earthquake would be somewhat smaller (Coffey et al., 
2019).  
 
4.5.3 Implications for seismic slip along splay faults 
Heating signals detected using biomarker thermal maturity measurements were found at 
four different locations within the Pāpaku fault zone.  These data suggest that multiple 
earthquakes propagated along the Pāpaku fault and/or that earthquake rupture occurred along 
multiple strands. It is also likely that earthquakes occurred elsewhere within the fault and were 
either not sampled or their signal was obscured due to the variation in background maturity. We 
see that earthquakes are not necessarily restricted to the most obvious brittle deformation 
features in a fault but have also occurred in regions of ductilely deformed sediment. Later 
overprinting may have occurred during slower slip, although earthquake slip may also produce 
these structures. Our observation that the structures that record heating here are not all brittle 
features demonstrates the importance of using thermal proxies such as biomarkers to characterize 
the seismic nature of fault structures and to identify earthquakes in the rock record. 
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Figure 4-6: Probability density functions for each sample that shows evidence of reaction plotted 
according to slip velocity. The shaded grey region indicates samples from the fault zone. The y-
axis is the same for all PDFs. 
Our results confirm that the Pāpaku fault has hosted earthquake slip within its shallow 
reaches. While slower slip may also occur here (Fagereng et al., 2019), our results demonstrate 
that the fault has relieved at least some component of its accumulated stress during earthquake 
events. We cannot determine whether tsunami- or regular-speed earthquakes are responsible for 
the thermal maturity signal observed, but both event types have great tsunamigenic potential 
when considering rupture of the Pāpaku fault. Given that the Pāpaku fault dips at up to 30° 
(Fagereng et al., 2019) and large displacement estimates of at least 11 m may occur along the 
fault (Figure 4-5), the Pāpaku fault was likely tsunamigenic in the past and has the potential to 
produce large tsunamis in the future.  
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Table 4-2: Most likely displacements for each sample that shows evidenced of reaction and each 
slip velocity modeled. 
 
  Most probable displacement (m) according to slip velocity (m/s) 
Sample ID Depth 0.2 0.4 0.6 0.8 1 
PP2799 305.70 19.7 16.2 14.6 13.5 11.1 
PP2801 313.85 20.3 16.9 15.0 14.1 13.9 
PP2803 341.82 20.4 16.5 15.7 15.2 14.4 
PP2773 343.75 20.6 17.1 15.2 14.5 13.8 
 
In addition to constraining maximum earthquake size, we can quantify the range of 
frictional work dissipated during slip. Quantifying frictional work allows us to constrain aspects 
of the earthquake energy budget and therefore, better understand the energy available for rupture 
propagation (Kanamori & Rivera, 2006). Fracture and radiated energy, the two other major 
components of the earthquake energy budget can be measured from seismograms. The energy 
dissipated due to frictional heating however, requires alternative means to be quantified and only 
a handful of estimates exist. We calculate frictional work using the range of possible 
displacements constrained from biomarkers according to the following equation: 
ef = Hg                        (4-7) 
The mean frictional energy at the Pāpaku fault is 10.5 MJ/m2 (95% confidence interval of 8 – 13 
MJ/m2) , which falls well in line with the handful of estimates that currently exist (~2 – 228 
MJ/m2; e.g. Coffey et al., 2019; Fulton et al., 2019; Pittarello et al., 2008; Savage & Polissar, 
2019; Savage et al. 2014). Frictional work was estimated from fault temperature measured after 
the Tohoku-oki earthquake at 20 – 86 MJ/m2 (Brodsky et al., 2019; Fulton et al., 2013). The 
lower estimates of frictional energy required at Hikurangi reflects both the slightly greater depth 
of the measurement at JFAST as well as the much larger displacement (50-70 m) that occurred 




Biomarker thermal maturity measurements in the Pāpaku fault show a clear thermal 
maturity signal in four samples, indicating that earthquakes propagate to shallow depth within 
the Hikurangi deformation front. These slip events are large and the most likely displacements 
fall between 11 – 15 m for slip rates of 0.8 – 1 m/s. Biomarkers provide evidence that splay 
faults are accommodating strain along the Hikurangi margin through earthquakes and not purely 
through slow slip or aseismic creep. Our results are the first direct evidence of large coseismic 
displacements along an offshore splay fault of the Hikurangi subduction zone. Along with the 
large displacements modeled for these events and steep dip (£ 30°) of the Pāpaku fault (Wallace 
et al., 2019), our results indicate that the Pāpaku fault is capable of producing large tsunamis 
during an earthquake. Therefore, splay faults deserve particular attention when considering the 
tsunamigenic potential of a region and the risk they pose to coastal communities like those on the 






Chapter 5: What have biomarkers taught us about faults? Hot takes 
on slip localization and the earthquake energy budget 
 
5.1 Introduction 
 Fault structure, including structural heterogeneity, influences how earthquakes can 
nucleate, propagate, and arrest. Faults are broad volumes of deformed rock that can generally be 
described as consisting of a central comminuted fault core, a surrounding damage zone, and 
relatively undeformed wall rock (Chester & Logan, 1987). Mapping earthquake slip within the 
context of fault structure allows us to evaluate where earthquakes preferentially localize within 
faults, providing a window into understanding how they propagate. Within the fault core, 
principal slip zones (PSZs) are commonly noted, thin structures that are more intensely 
comminuted than the surrounding gouge, and most likely accommodate a large fraction of fault 
displacement (Collettini et al., 2014; Smith et al., 2011; Tesei et al., 2013). PSZs are thought to 
be associated with coseismic slip, as dynamic crack propagation theory predicts that coseismic 
slip should localize along narrow layers within the fault core (Platt et al., 2014; Rice, 2006). 
However experimental studies have shown that slower processes such as stable slip can lead to 
the same localization and wear that generate PSZs (Ikari, 2015). Therefore, PSZs are not 
diagnostic of earthquake slip and independent evidence is necessary to identify earthquake 
layers. Because faults heat up during earthquakes from frictional sliding, thermal proxies can be 
applied as effective paleoseismic indicators to map earthquake-related PSZs in outcrop such as 
pseudotachylyte, biomarker thermal maturity, decarbonation, (U-Th)/He thermochronometry, 
and redox reactions surfaces (Ault et al., 2015; Collettini et al., 2013; Evans et al., 2014; 
McDermott, et al., 2017, Sibson, 1975).  
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In addition to fault zone structure, another critical component of understanding 
earthquake propagation is constraining the energy required for rupture. This earthquake budget is 
made up of fracture, frictional, and radiated energy (Kanamori & Heaton, 2000). Fracture energy 
is the energy involved in propagation of the rupture tip and off-fault deformation, radiated 
energy goes into the propagation of seismic waves, and frictional energy is the energy required to 
overcome frictional resistance during slip and is dissipated as heat (Kanamori & Brodsky, 2004). 
Constraining the earthquake energy budget is a key component in understanding earthquake 
physics as it controls a rupture’s ability to grow and provides information on what processes 
facilitate a ruptures growth or lead to its arrest. Radiated and fracture energy can be constrained 
from seismograms as they depend on stress drop, however frictional energy depends on the 
absolute shear stress and thus quantifying it requires alternative methods (Kanamori & Heaton, 
2000). With the development of paleotemperature proxies and the installation of borehole 
observatories, an increasing number of frictional energy estimates for different faults have been 
constrained (Fulton et al., 2013; Pittarello et al., 2008; Savage & Polissar, 2019).  
 Here we present a compilation of biomarker thermal maturity data from a suite of 
previously investigated faults along with data from five new faults. We combine these results 
with other studies, utilizing biomarkers and pseudotachylyte, that map coseismic slip within 
faults to investigate PSZ structure and its role in the fault core by developing a classification 
scheme that broadly describes earthquake slip across different faults. We also use the data 
compiled here to explore the range of frictional energy and how it fits into the earthquake energy 
budget. This preliminary compilation of frictional energy allows us to do the first broad 
accounting of the earthquake energy budget as a whole.  
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5.2 Coseismic temperature rise and biomarker paleothermometry 
During an earthquake, frictional resistance along a fault can lead to the generation of very 
high temperatures. The temperature rise (∆=) that occurs during an event depends on various 







               (5-1) 
where H is shear stress, I is density, Jj is heat capacity, 9 is time, K is velocity, and L is the half 
width of the slipping layer. Because of this, we can use temperature proxies to identify seismic 
layers and quantify earthquake properties like frictional energy. 
Biomarkers, the molecular remains of past organisms, provide us with a means of 
accessing temperature rise in the rock record. Organic material accumulates in sedimentary rocks 
over time and when heated, their structure is systematically altered to achieve more thermally 
stable configurations. This alteration occurs at earthquake temperatures and durations, making 
biomarkers a useful coseismic temperature proxy (Polissar et al., 2011; Savage & Polissar, 2019; 
Savage et al., 2014). We utilize two thermal maturity proxies here, the methylphenanthrene 
index (MPI4) and carbon preference index (CPI). 2- and 3-methylphenanthrene (2MP, 3MP) are 
thermally-stable methylphenanthrene isomers and increase in abundance during heating. 9- and 
1-methylphenanthrene (9MP, 1MP) on the other hand, are the thermally-unstable isomers. Using 
the abundance of these we can quantify thermal maturity through MPI-4, as follows: 
)*+ − 4 =
/012301
/01230124012501
           (5-2) 
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n-Alkanes, which are linear hydrocarbons derived from a variety of sources, can also be used to 
quantify thermal maturity. In nature long-chained n-alkanes have a preference towards odd-over-




           (5-3) 
When heated, cracking reactions and the production of n-alkanes without this carbon 
preference occur, leading to a reduction in CPI. The reaction kinetics of both CPI and MPI-4 at 
timescales relevant to earthquake heating have been established from hydrous pyrolysis 
experiments (Rabinowitz et al., 2017; Sheppard et al., 2015), and allow us to link these maturity 
indices to heating conditions. Methods for n-alkane and methylphenanthrene measurement and 
quantification can be found in the supplement.  
 
5.3 Thermal evidence of coseismic slip in faults 
Here we compile estimates of earthquake localization and frictional energy derived from 
biomarker thermal maturity, along with data from other thermal proxies, to synthesize what has 
been learned from investigations into coseismic temperature rise to date. We present biomarker 
thermal maturity results from five previously unpublished faults and compile thermal maturity 
estimates from biomarkers, pseudotachylyte, decarbonation, and (U-Th)/He data of eight 
previously studied faults (descriptions of the previously studied faults and thermal modelling 
parameters can be found in the supplement).  
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5.3.1 Marin Headlands 
 The Marin Headlands terrane is located just north of San Francisco and is an exhumed 
accretionary wedge that makes up part of the Franciscan complex. It contains over ten imbricate 
sheets of low-grade metabasalt, chert, and greywacke, which range in thickness between 300 – 
500 m (Wahrhaftig, 1984). Here, we focus on one of these imbricate thrust faults, which has 
accommodated 200 – 1700 m of slip (Regalla et al., 2018). It consists of a ~4.5 m-thick fault 
zone with metabasalt in the hanging wall and greywacke in the footwall (Figure 5-1a). The fault 
core itself is made up of a 0.5 cm-thick cataclasite and a 1 – 3 mm-thick PSZ consisting of black 
clay (Figure 5-1a; Regalla et al. 2018). Samples were collected across the thrust and biomarker 
maturity results demonstrate that coseismic slip occurred in the black clay (Figure 5-2a).  
 
 
Figure 5-1: Photos of some of the faults included in this compilation. a) cataclasite layers 
and PSZ from the fault core of the Marin Headlands thrust b) Hanging wall and fault surface of 
the Spoleto thrust, cylindrical holes are sampling locations, c) footwall and fault surface of the 
Monte Maggio fault, d) A strand of the Hundalee fault. 
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5.3.2 Spoleto thrust 
The Spoleto thrust in central Italy uplifts Lower Jurassic carbonates of the Calcare 
Massiccio formation above Upper Cretaceous limestone of the Scaglia Rossa formation 
(Collettini et al., 2013). It was exhumed from a depth of ~2 – 3 km and has accumulated 5 – 10 
km of displacement since the Miocene. The fault core consists of an upper cataclasite made up of 
white carbonate (< 20 cm thick), a lower cataclasite made up of red carbonate (>20 cm thick), 
and a 0.3 – 1 mm-thick PSZ between them (Figure 5-1b). Amorphous silicate material and 
skeletal carbonate within the PSZ in some locations is interpreted to be a product of thermal 
decarbonation and dehydroxylation due to coseismic temperature rise (Collettini et al., 2013). 
Biomarker thermal maturity results measured across the PSZ and into the hanging and footwall 
show clear evidence of heating 5 cm into the footwall, but only a borderline potential for heating 
closer to the PSZ where thermal decomposition was measured. This may be due to a number of 
factors. The thermal decomposition of calcite initiates at temperatures of 650 – 750°C (Collettini 
et al., 2013; Rodriguez-Navarro et al., 2009), however, that temperature depends on grain size, as 
well as the time-temperature path of heating. Therefore, it is possible we are seeing 
decarbonation occurring at lower temperatures along the Spoleto thrust, below the temperatures 
required for MPI4 reaction here (~500°C). Alternatively, it is possible we did not sample in the 
same location where Collettini et al. (2013) found evidence of decarbonation. High temperatures 
can vary along fault (Coffey et al. 2019) and we might be seeing that heterogeneity here.  
 
5.3.3 Monte Maggio fault 
The Monte Maggio fault is a normal fault located in the Northern Apennines of Italy, 
which has been exhumed from ~2 km depth (Collettini et al., 2014). It has accommodated 
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roughly 650 m of slip juxtaposing Calcare Massicio limestone of the footwall and Bugarone 
limestone in the hanging wall against each other across multiple slip surfaces with meter-scale 
separation (Collettini et al., 2014). Here, we focus on one exposure of the Monte Maggio fault 
and measure biomarker thermal maturity from samples collected across the hanging wall, 
footwall, and ~1 mm-thick polished PSZ (Figure 5-1c). No coseismic heating signal was found 
in the polished layer or other samples analyzed (Figure 5-2c), however vesicles and skeletal 
calcite found along this layer suggest temperatures have been high enough for calcite 
decomposition to occur (Collettini et al., 2014; Collettini et al., 2013). A biomarker thermal 




Figure 5-2: Biomarker thermal maturity results for the faults measured for this study. Higher 
thermal maturity indicates higher temperature. a) – d) profiles of thermal maturity with distance 
from the slipping layer. e) the thermal maturity for each fault strand and respective background 
sample within the Hundalee fault zone. The width of the fault core here is 5 m and fault strands 
are located 0.5 – 1 m apart (Williams et al., 2018). 
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5.3.4 Nankai normal fault 
 The Nankai Trough is located off of the coast of Honshu, Japan, and accommodates 
subduction of the Philippine Sea plate beneath the Eurasian plate. The Nankai megathrust has 
hosted several large tsunamigenic (M > 7) earthquakes in the past (Ando, 1975) and splay faults 
within the accretionary complex are also considered seismogenic (Cummins et al., 2001; 
Sakaguchi et al., 2011). IODP EXP365, a part of the Nankai Trough Seismic Zone Experiment 
(NanTroSEIZE) drilled into the accretionary complex sampling the hanging wall and footwall of 
a large megasplay fault. The lithologies sampled consist predominantly of siltstone with minor 
volcanic ash beds and clastic breccias (Saffer et al., 2017). Numerous smaller faults are present 
in the hanging wall between 350 and 400 m depth and these typically contain ~ 1 mm-thick 
localized bands. We collected samples across a small dip-slip fault, 330.85 meters below the sea 
floor It occurs within siltstone and contains a 1 – 2 mm-thick gouge layer with a very high 
thermal maturity indicating that earthquake slip has occurred within this layer (Figure 5-2d). It is 
worth noting that even though we see a very large signal, studies at other subduction zones show 
that subduction sediments have variable maturity (e.g. Coffey, in prep) and we have only 
measured five samples here. Therefore, while we are confident heating has occurred here, we 
may not be capturing the background completely and the signal may not be as high. While 
numerous faults occur nearby, we did not sample these and it is possible that coseismic slip 
occurred elsewhere in the faulted interval. 
 
5.3.5 Hundalee fault 
 Rupturing during the Mw 7.8 Kaikōura earthquake in 2018, the Hundalee fault is one of a 
number of transpressional faults located in northern Canterbury, just south of the Marlborough 
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fault zone in New Zealand. It has hosted at least 1.2 km of total offset juxtaposing greywacke of 
the Pahau terrane against Amuri limestone (Williams et al., 2018). The fault zone itself consists 
of five cataclasite-bearing fault strands. These are up to 20 cm-thick, contain a 1 – 2 cm-wide 
PSZ and are separated from each other by 0.5 – 1 m of brecciated fault rock (Figure 5-1d). 
Vertical displacement in this area during the Kaikoura sequence was between 1 m vertically and 
1 – 1.2 m horizontally (Williams, personal communication). Samples were collected from inside 
and outside of each of these comminuted strands and biomarker maturity shows that four of the 
five strands have experienced coseismic slip. It is unclear which of these ruptured during the 
Kaikōura sequence, or whether multiple strands could have slipped (Figure 5-2e). It is possible 
that the shear zone that showed no evidence of coseismic heating experienced coseismic slip at 
very shallow depths, such as during the Kaikoura earthquake, where the shear stress was not high 
enough to generate the temperatures required for biomarker reaction. 
 
5.4 Where do earthquakes localize? 
Earthquakes localize at a number of different scales from the repeated rupture of a single 
narrow layer less than a millimeter thick, to distributed slip across an interval ten of meters wide. 
We characterize the style of localization along the faults described above and others from the 
literature. Because localization is not necessarily diagnostic of earthquake slip we only include 
faults where there is evidence of coseismic temperatures from thermal proxies. We see evidence 
that coseismic slip localizes onto layers less than 5 cm thick with differences in localization 
spanning over two orders of magnitude in thickness between faults (100 µm – 5 cm thick). This 
demonstrates that not all earthquakes require extreme (< 1 mm) localization during rupture 
propagation and coseismic slip can be accommodated in centimeter-scale layers. Overall, we 
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split faults into two broad categories that are based on the number of seismically slipping PSZs 
and the thickness of the fault core. We are simplifying the fault core to consist of three primary 
units: coseismically slipping PSZs, which we use to describe highly-comminuted localized layers 
that demonstrate evidence of differential temperature rise; the fault core, which is classified as 
highly deformed fault rock such as gouge, cataclasite or breccia; and the damage zone, consisting 
of fractured but relatively intact wall rock. The two broad categories faults are split between are 
type I faults, which we define as having a narrow fault core with a single PSZ that has hosted 
earthquakes, and type II faults, which consist of a wide fault core (>1 m) with multiple coseismic 
slipping layers. It is important to note here that many (perhaps all) of the faults display along-
strike variability, so our discussions are limited to the structure at the outcrop or drill core where 
we have earthquake evidence. In the following we step through the faults that fall into these 
categories and why. 
Type I faults include the Marin Headlands, Muddy Mountain, Punchbowl, Monte 
Maggio, Gole Larghe, Nankai, and Skeeter faults (Figure 5-4), as well as small faults found in 
the damage zone of the Wasatch fault. Properties of these faults can be found in table 5-1. The 
small faults of the Wasatch damage zone in Utah are extremely narrow (< 1 mm), have been 
shown to be coseismic from integrated textures and (U-Th)/He measurements, and are separated 
from one another by intact gneisses of the Wasatch host rock (Ault et al., 2015; McDermott et 
al., 2017). The Marin Headlands thrust has a narrow fault core (~1 cm) and contains a 
coseismically heated PSZ. Although it is one of a series of imbricate thrusts, it is consistent with 
Type I faulting because each of the thrusts present at the Marin Headlands consists of a 
continuous layer of gouge and a PSZ (Regalla et al., 2018). These thrusts are separated from one 
another by relatively intact wall rock and are far enough apart that they still act independently. 
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Similarly, the Gole Larghe Fault Zone (GLFZ) consists of a zone of distributed faulting, where 
each sub-parallel fault is a reactivated opening-mode fracture that contains pseudotachylyte and 
cataclasite (< 5 mm), and is adjacent to relatively undeformed wall rock (Di Toro et al., 2005; 
Pittarello et al., 2008). The Skeeter fault consists of a narrow and continuous fault core (< 35 
cm), which varies in thickness, containing pseudotachylyte where it is narrowest (Kirkpatrick & 
Shipton, 2009a). The Monte Maggio fault is defined by a narrow fault core up to 10 cm thick. 
While slip is interpreted to be distributed over multiple strands in the fault zone, these are spaced 
over 1 m apart and separate intact carbonates (Collettini et al., 2014). The Muddy Mountain 
thrust, although demonstrating some heterogeneity in structure along its length, has a narrow 
fault core (< 20 cm thick), containing a coseismically heated PSZ that is variable in thickness 
(Coffey et al., 2019). A narrow fault located in the hanging wall of the Nankai Megasplay, 
offshore Japan demonstrates evidence of coseismic heating and it is surrounded by relatively 
undeformed silts and numerous other faults which may have hosted coseismic slip. Finally, the 
Punchbowl fault, like the other faults outlined here, has a narrow fault core at the location 
studied, and a distinct coseismic PSZ that can be traced along fault. It is one of the only faults 
here where coseismic slip is not localized along a boundary of the fault core but instead is 
sandwiched between two cataclasite layers (Savage et al., 2019). However previous work has 
suggested that the brown ultracataclasite that abuts the Punchbowl sandstone is made of 
recycled, seismic PSZs (Chester and Chester 1998, Savage and Polissar 2019).  
 Type II faults include the, Hundalee, Spoleto, the central San Andreas and Nojima faults 
(Figure 5-5). Properties of these faults can be found in table 5-1. Each of these faults consists of 
multiple coseismically slipping layers surrounded by highly-deformed fault-core material. In the 
Hundalee fault, New Zealand, five fault strands occur across a 5 m interval, separated by 
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brecciated greywacke, and at least four of these have hosted coseismic slip (Williams et al., 
2018). At Spoleto, one coseismically slipping layer has been identified from calcite 
decomposition structures (Collettini et al., 2013) and we identify evidence of coseismic slip from 
biomarkers within the underlying cataclasite. These layers are located on one side of the ~5 m-
wide fault and more may occur throughout the cataclasite where we did not sample. In the case 
of the central San Andreas fault as observed from SAFOD, many coseismic slip layers were 
identified from biomarker thermal maturity within a 4-m wide black fault rock (Coffey et al. in 
review). This occurs close to the Salinian wall rock and adjacent to an actively creeping zone. 
While this is consistent with type II faulting, the San Andreas fault zone is wide and was not 
completely sampled during SAFOD. It is possible that it may demonstrate type I characteristics 
elsewhere. In the Pasagshak megathrust, at least six pseudotachylyte layers are identified within 
a ~30 m-wide fault core of argillitic mélange (Rowe et al., 2011). However, structure is variable 
and the number of pseudotachylytes present is different at various locations, where in some only 
a single pseudotachylyte strand can be found (Rowe, personal communication). We classify the 
Pasagshak as a type II fault due to the width of its fault core but there may be locations along the 
fault where coseismic slip is distributed over a narrower interval. In the JFAST core, which was 
collected from the Japan Trench, through the rupture area of the 2011 Tohoku-oki earthquake, at 
least five type I faults have been identified from biomarkers over a ~25 m interval and are 
separated by deformed mudstone. (Rabinowitz et al., 2020). In addition, a smectite-rich clay 
layer that is up to 5 m thick also occurs within this interval, which is a major structural boundary 
that has hosted many large earthquakes. Both regions of seismicity are consistent with type II 
faulting (Chester et al., 2013; Kirkpatrick et al., 2015; Ujiie et al., 2013) and occur towards the 
base of the fault zone, close to the underlying chert. The Pāpaku fault demonstrates some hybrid 
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of the type I and II classification scheme defined here. Five locations show biomarker evidence 
for coseismic slip, one in the hanging wall and four within the 60 m-wide main fault zone 
(Coffey et al. in prep). The four samples in the fault zone are separated by both brittlely and 
ductilely deformed material and are indicative of type II faulting. The sample in the hanging wall 
occurs in a region with multiple localized slip layers and fracturing. While it straddles the 
boundary between type I and II we classify the Pāpaku fault as type II in Figure 5-4 as this is the 
style of localization where most displacement has likely occurred. 
 
 
Figure 5-3: Fault core structure end members: a) Type I - a single coseismically slipping PSZ 
and surrounding narrow fault core, b) Type II - multiple coseismically slipping PSZs distributed 
throughout a broad fault core. 
 
Fault classifications are summarized in Figure 5-4 and faults are organized by material 
contrasts and presence of pseudotachylyte. Although these points appear to be fairly scattered, 
several broad relationships can be derived here. First, most type I faults have less total 
displacement (< 1 km), and in the cases where displacement is high (e.g. the Punchbowl and 
Muddy Mountain faults), a material contrast between the opposite sides of the fault is present. 
The repeated rupture of a single PSZ can reflect the preference for rupture to exploit bimaterial 
boundaries as observed in field and numerical studies (Ben-Zion & Huang, 2002; Tarling et al., 
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2018). The Nankai, Skeeter, Monte Maggio and Wasatch damage zone faults are all type I faults 
that do not have a clear material contrast but have total displacement < 1 km. Upon further slip, 
they may evolve more towards the type II end member. Furthermore, slip in the Wasatch damage 
zone are exploiting weaker slip hematite layers in the host gneiss and may reflect pre-existing 
weakness in the gneiss host rock (Ault, personal communication). Similarly, in the Gole Larghe 
fault zone, total slip is higher (1.1 km) but faults are reactivating joints present in the tonalite 
host rock (Pittarello et al., 2008). 
 
 
Figure 5-4: Faults sorted by fault core thickness and number of PSZs. Fault symbol color is 
based upon whether faults involve contrasting lithology, a single lithology, or contain 
pseudotachylyte. Symbol shape corresponds to thicker and thinner fault cores. Faults are 
organized left-to-right in order of their estimated total displacement 
 
Type II faults tend to be faults that have accumulated >1 km displacement, leading to the 
development of a wider fault core and more distributed coseismic slip (Scholz, 1987). This 
describes the characteristics of our type II faults well, with the exception of the Nojima fault, 
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where coseismic slip is distributed over a narrow fault core (20 - 30 cm; Boullier, 2011; Otsuki et 
al., 2003). Formation of pseudotachylyte may contribute to the clustering of slip layers, by 
creating additional bimaterial interfaces between pseudotachylyte and the surrounding gouge. 
Earthquakes may subsequently localize along these layers and lead to the distributed 
pseudotachylytes observed in the Nojima fault core. The Pāpaku fault demonstrates a hybrid of 
type I and II behaviors and this may be because the faults are hosted in mostly unlithified 
sediments (where sampled) and are unable to generate the same intensity of brittle deformation 
as observed in lithified material. Additionally, deformation observed in the Pāpaku fault zone 
likely results from a mix of slow and fast slip processes that occur in this regions (Fagereng et 
al., 2019). The central San Andreas fault has localized earthquakes within a ~4 m-wide interval, 
which when considering the width of the central San Andreas fault (>200 m), is very narrow. 
This seismic interval is located close to arkosic sandstone of the Pacific plate. Although 
coseismic slip may also occur elsewhere in the core that was not sampled, I suggest that 
bimaterial contrasts can lead to another scale of localization where seismicity, while distributed, 
is concentrated towards stiffer wall rock. It is also worth noting here that the location of 
seismicity along the central San Andreas fault may also be influenced by the adjacent creeping 
zone. Similar observations were found in JFAST where earthquakes are clustered towards the 
transition from sediments to chert, and in the Spoleto fault where evidence of earthquakes have 
been found at and very near to the boundary between gouge and carbonates in the wall rock. We 
point out that frictional strength of fault rocks does not seem to be as important for earthquake 
localization as a strong material contrast, otherwise slip would always localize in the weakest 
layers (Rabinowitz et a., 2020; Coffey et al., submitted). 
 
 













(MJ/m2) Proxy Source 
Muddy 
Mountain 0.8 - 20 0.2 1 
Dolostone, 
Sandstone 6.7 3.5 - 11 Biomarkers 
Brock & Engelder (1977), 
Coffey et al. (2019) 
Central SAF 0.1 - 18 4 > 100 Granite, Siltstone 8.2 2.8 - 15 Biomarkers Coffey et al. submitted 
Papaku 0.1 - 2 60 ≥ 4 Silt 10.5 8 - 13 Biomarkers Coffey et al. in prep, Wallace et al. (2019) 
Hundalee 10 – 30 5 ≥ 5 Greywacke, Limestone 17.5 5.7 - 26 Biomarkers 
This study, Williams et al. 
(2018) 
Punchbowl 0.3 - 20 0.1 1 Gneiss, schist, sandstone - 2.2 - 25 Biomarkers 
Savage & Polissar (2019), 
Chester et al. (2005) 
Marin thrust 1 – 4 0.01 1 Metabasalt, greywacke 6.4 3.4 - 8.1 Biomarkers Regalla et al. (2018) 
Pasagshak 30 - 50 30 > 6 Argilliceous melange - 105 - 228 
Biomarkers, 
Pseudotachylyte 
Meneghini & Moore (2007), 
Rowe et al. (2011), Savage et 
al. (2014) 
Japan Trench 1 25 ≥ 5 Mudstone, clay 27 19 - 51 Biomarkers 
Rabinowitz et al. (2020), 
Brodsky et al. (2019), Fulton 
et al. (2013), Sun et al. (2017) 




9.3 3.8 - 14 Biomarkers, decarbonation  
This study, Collettini et al. 
(2013) 
Gole Larghe 6 0.1 ~200 Tonalite 27 - Pseudotachylyte Di Toro & Pennacchioni (2005), Pittarello et al. (2008) 
Monte 
Maggio 0.1 – 1 0.1 1 







This study, Carpenter et al. 
(2016), Collettini et al. (2014) 
Nankai 0.1 – 1 0.02 >1 Claystone 26 18 - 45 Biomarkers This study, Saffer et al. (2017) 
Nojima 1 – 3 0.2 9 Granite, sandstone - - Pseudotachylyte Otsuki et al. (2013) 
Skeeter 0.25 – 10 0.35 >1 Granodiorite - - Pseudotachylyte Kirkpatrick et al. (2012), Kirkpatrick & Shipton (2009) 
Wasatch 
damage zone < 2 1e-4 >5 Gneiss - - 
Hematite (U-
Th)/He 
Ault et al. (2015), McDermott 






5.5 Earthquake Energy Budget 
Fault temperature rise can also be used to quantify the frictional energy dissipated during 
slip, contributing to our understanding of the earthquake energy budget. Frictional energy is the 
product of shear stress and displacement, !" = $	&, and unlike the radiated and fracture energy, 
cannot be accessed seismologically. Values of frictional energy have been calculated over recent 
years as tools have been developed to access temperature rise in the rock record. Here, we have 
calculated frictional energy for the Spoleto, Nankai, Hundalee, and Marin Headlands faults and 
compiled existing frictional energy measurements (table 5-1; Figure 5-5) to compare frictional 
energy with other components of the earthquake energy budget. Most estimates have been 
compiled from biomarker thermal maturity measurements, and some from pseudotachylyte and 
borehole temperature measurements. It is important to note here that we assume that any 
biomarker heating signal measured results from the largest event the fault has experienced. This 
is because the kinetics of biomarker reaction are strongly temperature dependent and any smaller 
events have a much smaller effect on the overall thermal maturity (Coffey et al., 2019).  
Frictional energy across all of the studied faults varies from 2.2 – 228 MJ/m2 (table 5-1, 
Figure 5-5). The lowest frictional energy occurs along the Marin Headlands thrust, which has a 
mean of 6.7 MJ/m2, (95% confidence interval: 3.4 – 8.1 MJ/m2), while the highest occurs along 
the Pasagshak megathrust with a range of 105 – 228 MJ/m2. The Pasagshak megathrust is a clear 
outlier, but as described above, it is unique in this dataset due to the thickness of pseudotachylyte 
that has formed. The rest of the faults in this dataset have frictional energy that falls below 45 
MJ/m2, with most below 26 MJ/m2, suggesting a tendency for frictional energy to remain within 
a narrow range despite differences in displacement, depth, and other fault properties. Frictional 
energy calculated for the Tohoku-oki earthquake (20 – 86 MJ/m2) falls right on the edge of this 
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range. Our results show that frictional energy has no clear relationship with depth of faulting and 
at best only a subtle relationship with displacement (this relationship may be stronger, however 
as error bars on displacement are large; Figure 5-5).   
 
Figure 5-5: Frictional energy plotted against a) depth and b) displacement. 
 
Frictional energy can also be compared to values of fracture and radiated energy 
calculated from other studies and used alongside these to place constraints on the earthquake 
energy budget. We used estimates from Ye et al. (2016), which are included in the supplement. 
Radiated energy is estimated from the ground velocity spectra according to Venkataraman & 
Kanamori (2004), and fracture energy, G’, is calculated from source spectra as follows: 
'( = 0.5(1 − /0)Δ345                         (5-4) 
where /0  is the radiation efficiency, Δ34 is the stress drop, and 5 is the average slip.  
Radiated and fracture energy increase with displacement while frictional energy does not, 
or only does to a very subtle degree (Figure 5-6). Radiated energy is generally slightly lower 
than fracture energy for a given displacement and can reach values of up to 20 MJ/m2. Fracture 
energy on the other hand reaches values as large as 140 MJ/m2 but generally falls below 100 
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MJ/m2. Relating these to frictional energy, we can see that frictional energy (2.2 – 228 MJ/m2) 
tends to fall towards the higher end of both the fracture and radiated energy, regardless of 
displacement. We can place estimates on the total energy of events with displacement by fitting a 
line of best fit to the fracture, radiated, and frictional energy. By summing the best fitting 
energies, we constrain the total earthquake energy for events of all displacements varies by an 
order of magnitude, ranging from 27 – 190 MJ/m2 (Figure 5-6).  
 
 
Figure 5-6: Plots of different components of the earthquake energy budget versus event 
displacement. EG is the fracture energy calculated from seismic source spectra, ER is the radiated 
energy, and EF is the frictional energy. ER and G’ are from Ye et al. (2016). EF is either 
calculated here from biomarker thermal maturity in the studies shown in table 5-2. Bars on 
frictional energy represent the range of displacement and EF for each event. Etot is the total 





The limited range of frictional energy values may reflect a self-limiting process due to 
temperature-driven changes in fault strength. As a fault slips at earthquake slip rates, friction 
evolves to a lower steady state value over a thermal weakening distance, Dth (De Paola et al., 
2011; Di Toro et al., 2011). Accordingly, a potentially large fraction of frictional energy is done 
during the initial period of sliding before Dth is reached. Sliding done after, dissipates little 
energy because the fault is weak, so that the total frictional energy is only slightly increased for 
larger earthquakes (if at all). This weakening also explains the lack of relationship observed 
between frictional energy and depth (Supplementary Figure 5-2), because Dth is smaller at higher 
normal stresses, and low friction is achieved with less total slip (Seyler et al., 2020). As a result 
of these temperature-driven changes in fault strength, for smaller earthquakes a greater fraction 
of the total energy should go towards frictional heating than larger earthquakes when more 
sliding occurs at lower friction.  
Using what we have learned about the fracture, radiated, and frictional energy we put 
together a complete image of the earthquake energy budget for small (< 3 m of displacement) 
and large (> 3 m of displacement) events (Figure 5-7). In this, the earthquake starts at a peak 
stress, dynamic weakening occurs, and friction evolves from its peak to steady state value where 
displacement continues at low stress. In this cartoon, we see that frictional energy between small 
and large events is relatively similar, while radiated and fracture energy are lower for smaller 
events. Furthermore, frictional energy tends to be the largest component of the energy budget for 
smaller events, where displacement may not be much larger than Dth and more slip occurs at high 
fault strength. Additionally, in Figure 5-6 we see that the total energy does not vary much while 
fracture and radiated energy range over four orders of magnitude. In order for this to be true, 
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there must be some fundamental difference in the way energy is partitioned between small and 
large earthquakes. I hypothesize that as earthquakes get large and friction weakens, greater 
energy can go towards earthquake waves, which we know to be true from seismic data, as well 
as off-fault deformation such as plastic deformation at the rupture tip and off-fault damage. 
While our frictional energy dataset is small, and future work should aim to calculate frictional 
energy across a greater range of faults, our results have provided insight into fundamental 
differences between small and large earthquake events and contributed to our overall 
understanding of how energy is partitioned during earthquakes.  
 
 
Figure 5-7: Schematic of the earthquake energy budget for small and large events with ranges 
for each component added. The bold line indicates stress drop as a function of slip and each 




We measured coseismic temperature rise on five new faults and compiled existing 
frictional energy estimates across faults that reflect a range of different tectonic settings, depths, 
and earthquake sizes to determine how faults localize earthquake slip and how much energy goes 
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into frictional energy. We have defined two end members of fault localization. Localization 
appears to be strongly dependent on total displacement and to a lesser extent, material contrasts 
across the fault core. Faults that have accumulated less total displacement tend to be narrower 
with earthquakes repeatedly rupturing the same PSZ. For more mature faults, earthquakes are 
mostly distributed across a wide fault core, but can become more localized if a strong material 
contrast is present. Furthermore, data compiled here shows that frictional energy is remarkably 
similar across different faults, suggesting that dynamic weakening limits the frictional energy 
done along most faults to values below 45 MJ/m2. Along with frictional energy estimates, we 
have aggregated radiated and fracture energy and put together the first complete description of 
the earthquake energy budget that demonstrates a fundamental difference in the way energy is 
partitioned between small and large earthquakes. Future work should focus on calculating 
frictional energy along more faults, but our work is an important advancement in understanding 
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All non-glass lab equipment was rinsed with methanol and dichloromethane (DCM) and 
all glassware and aluminum foil was ashed and rinsed with DCM before use. Samples were 
crushed using a mortar and pestle before undergoing Accelerated Solvent Extraction (ASE) to 
separate out the total lipid extract (TLE). ASE extraction was completed using 9:1 
DCM:methanol at a temperature of 100°C for 5 minute intervals. A general recovery standard 
consisting of 5a-androstane, 1-1’ binapthyl, and stearyl stearate, was added to the each TLE 
before the TLE was blown down with nitrogen and transferred to 4 mL vials. TLE in 4 mL vials 
was brought up in 1 mL of hexane using solvent replacement. Solvent replacement involved 
blowing down the TLE to a volume of ~0.2 mL and bringing it up to 4 mL by adding hexane. 
This was completed three times to fully replace the solvent, while preventing the loss of organic 
material through evaporation that occurs when blowing the sample down completely from 
already organic-lean samples. Silica gel column chromatography was used to separate the TLE 
into different fractions. Hexane, DCM, and methanol were used to elute the aliphatic, ketone, 
and polar fractions respectively. The ketone fraction was brought up in 0.25 mL of hexane with 
solvent replacement, before being transferred to pulled point inserts in 2 mL vials for analysis on 
a gas chromatograph with a mass selective device (GC-MSD). These samples were run in 20 µl 
of hexane with an injection volume of 2 – 4 µl per sample to maximize the concentration of 
organic matter in solution. Isomers of methylphenanthrene were identified in the software 






 Supplementary figures 
 
Supplementary Figure A-1: distance from an actively slipping zone that heat can diffuse as a 
function of slip duration. Colored lines represent different thermal diffusivities and the red line 
indicates the thermal diffusivity used to model temperature rise for the Muddy Mountain thrust. 
The range of possible slip duration for the Muddy Mountain thrust is indicated by the grey box 
and corresponds to a diffusion length of the order of 1 mm, consistent with the thickness over 
which we see heating in our hot transects MT11 and 13. For comparison the slip duration for the 








Supplementary Figure A-2: summary of Muddy Mountain background thermal maturities. A) 
Histograms of thermal maturities used to calculate background. B) All background thermal 
maturities plotted as a function of distance from the slip layer. Orange points correspond to 








Supplementary Figure A-3: Box and whisker plots of all background thermal maturity values 
binned according to distance from the slipping layer. Boxes are the 25% to 75% range and red 
line is the median. Whiskers demonstrate the range of data while the red cross is an outlier 








Supplementary Figure A-4: mean temperature rise plotted using the thermal properties for 

















Supplementary Figure B-1: n-alkane carbon preference index (CPI, C26 – C35) measurements 
made on the first sampling round of SAFOD samples. Purple shaded regions are the SDZ (top) 
and CDZ (bottom). CPI decreases with increasing temperature. CPI is low in SAFOD samples, 







Supplementary Figure B-2: Alkane distribution index (ADI) measurements made on the first 
sampling round of SAFOD samples. Purple shaded regions are the SDZ (top) and CDZ (bottom). 
ADI decreases with increasing temperature. Samples are at or approaching the maximum value 
(~1.5) for ADI. 
 
 
Supplementary Figure B-3: 17a(H),21b(H)-homohopane 22SR ratio (22S/ [22S+22R]) 
measurements made on the first round of on the first sampling round SAFOD samples. This ratio 
increases with increasing thermal maturity. All samples along the core are approaching 







Supplementary Figure B-4: hopane/moretane index (hopanes/[hopanes + moretanes]) 
measurements made on the first sampling round of SAFOD samples. This parameter decreases 
with increasing thermal maturity. Most samples are approaching their maximum value (0.1, 
dashed line).  Hopanes are (22S + 22R) 17a(H),21 b(H)-homohopanes (C31 hopanes) and 
moretanes are (22S+22R) 17b(H), 21a(H)-homohopanes (C31 moretanes). 
 
Supplementary Figure B-5: C29 SR-sterane index (20S/20S+20R) measurements made on the 
first sampling round of SAFOD samples. This ratio increases with increasing temperature. Most 
samples are at or approaching the maximum value of 0.5 for this particular sterane ratio. 20SR 







Supplementary Figure B-6: Biomarker thermal maturity parameters sensitive to coseismic 
temperature rise at SAFOD conditions. Panels shows the stable (red) and unstable (blue) isomers 
of each biomarker. A) Methylphenanthrene structural isomes and the methylphenanthrene index 
(MPI-4). B) C29 Steranes a and b isomers and the sterane index (SI).  aaa -Ster: 20S + 20R 




Supplementary Figure B-7: Plot of sterane index along the core, includes replicate 
measurements of samples split prior to crushing and extraction. Purple shaded regions are the 
actively creeping Southern and Central deforming zones. The grey shaded zone represents the 
background maturity of steranes at SAFOD. Due to the higher source dependence of steranes, the 







Supplementary Figure B-8: Thickness information from and west of the BFR. A) Thickness 
with distance along the core. B) thickness distribution calculated using measurements and 
applied in temperature models. 
 
 
Supplementary Figure B-9: Measured apparent age plotted against MPI4 of SAFOD samples. 







Supplementary Figure B-10: Maximum temperature histograms for the some of the samples 
that were modeled using biomarker thermal maturities. These reflect the uncertainties in MPI4 
reaction kinetics, slip layer thickness, friction, and event displacement. 
 
 
Supplementary Figure B-11: Maximum temperature histograms for the rest of the samples that 
were modeled using biomarker thermal maturities. These reflect the uncertainties in MPI4 























Supplementary Figure B-13: Histograms of the modeled reset age for some of the heated 
samples in SAFOD. These apparent ages result from the temperature conditions defined by the 







Supplementary Figure B-14: Histograms of the modeled reset age for the rest of the heated 
sample in SAFOD. These apparent ages result from the temperature conditions defined by the 
measured biomarker thermal maturities shown in Supplementary Figure B-11 
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Supplementary Figure B-15: Full plots of the probability density functions of the residuals, and 
therefore earthquake age, for each heated sample in SAFOD. The red dashed line indicates a zero 
residual or 0 Ma earthquake. While negative residuals are not allowed by the data, the 







Supplementary Figure B-16: Average friction during sliding plotted against displacement for a 
range of normal stresses with hydrostatic pore pressure. At larger normal stress and 
displacement, the thermal breakdown distance is small relative to displacement and the average 




Supplementary Table B-1: Parameters used in calculation of friction during slip. 
 
Parameter Value Source 
Steady state shear stress 
($66) 19.6 MPa From measured friction (5)
 
Peak shear stress ($7) 4.9 – 9.8 Mpa From measured friction (6) 
Normal stress (38) 49 MPa Measured (7) 
Coefficient, a 0.39 Measured (6) 
Coefficient, b 0.97 Measured (6) 
Thermal breakdown 
distance (59:) 8 cm Calculated, this study
 



























earthquake ages  
(Ma) 
3188.4 0.5241 700 480 - 1110 15.1 9.1 - 23 15.8 0 - 18.4 
3191.9 0.5357 730 490 - 1140 15.5 9.1 - 23.8 12.7 0 - 13.1 
3192.8 0.5369 730 490 - 1140 15.5 9.2 - 23.8 11.1 0 - 16.1 
3193.4 0.5677 770 500 - 1180 16.3 9.3 - 25.7 14.7 0 - 15.1 
3196 0.5904 810 510 - 1210 16.8 9.4 - 26.9 4.1 0 - 4 
3195.9 0.6052 810 510 - 1230 17.1 9.6 - 27.6 4 0 - 4 
3195.9 0.6055 810 510 - 1230 17.2 9.6 - 27.6 4 0 - 4 
3195.9 0.609 810 510 - 1230 17.2 9.7 - 27.8 4 0 - 4 
3196.1 0.6154 840 510 - 1240 17.4 9.7 - 28.2 3.6 0 - 5.6 
3193 0.6259 840 520 - 1250 17.6 9.8 - 28.6 6.5 0 - 7.7 
3193.4 0.6369 850 520 - 1270 17.8 9.8 - 29.1 8.9 0 - 10 
3193.5 0.643 890 520 - 1280 17.9 9.9 - 29.3 9.9 0 - 10.4 
3196.4 0.6502 890 520 - 1290 18.1 9.9 - 29.7 4.2 0 - 5.5 
3196.4 0.6518 890 520 - 1290 18.1 9.9 - 29.8 3.3 0 - 5.9 
3195.1 0.6554 890 520 - 1290 18.2 9.9 - 30 3.6 0 - 4.6 
3194 0.6578 890 520 - 1300 18.2 9.9 - 30.2 4.3 0 - 5 












Supplementary Figure C-1: Core image of the sampling location PP2778 in an anomalously 
coarse layer in the hanging wall. 
 
 
Supplementary Figure C-2: Biomarker thermal maturity profiles for U1520.Samples above the 
dashed line correspond to the footwall background, while those below correspond to the hanging 
wall background. The shallowest sample at 5.88 m was not included in background calculations 
as it was much younger (0.011 Ma) than the rest of the material in the hanging wall (>0.53 Ma; 









Supplementary Figure C-3: Histograms and pdfs for all allowable displacements resulting from 








Supplementary Figure C-4: Histograms and pdfs for all allowable displacements resulting from 




Samples were collected along cores U1518 and U1520. Any samples that contained 
localized structures were subsampled. These samples were then crushed and extracted using a 
Dionex Accelerated Solvent Extractor (ASE-350) with 9:1 DCM:methanol at 1500 psi and a 
temperature of 100°C for 3x5 minute static cycles to isolate the total lipid extract (TLE). 5a-






The resulting solution was then evaporated with nitrogen, transferred to 4 mL vials, and brought 
up in 0.5 mL of hexane. Silica gel column chromatography was used to separate the TLE out into 
distinct fractions. 0.5 mg of silica gel and 5-inch Pasteur pipettes were used. Each sample was 
loaded onto a pipette using hexane before the aliphatic was eluted with 4 mL of hexane, the 
aromatic/ketone fraction eluted using 4 mL of dichloromethane, and the polar fraction eluted 
using 4 mL of methanol. The aliphatic and ketone fractions, which contain the n-alkanes and 
alkenones respectively, were brought up in 0.25 mL of hexane, transferred to 2 mL high-
recovery vialsm and diluted to 100 µL. 1 µL of each aliphatic fraction was injected and analyzed 
on an Agilent 7890A gas chromatograph with a 5975C mass selective detector (GC-MSD) 
equipped with a multi-mode inlet (MMI, deactivated single-taper liner with wool packing) and 
DB-5ms column (30 m length, 250 µm i.d., 0.25 µm phase thickness) at 1.0 ml/min helium flow. 
The ketone/aromatic fraction was run on a GC-FID using the PTV injector with a 60 m DB1 
column. The column had a diameter of 0.25 mm, a stationary phase thickness of 0.1 µm, and a 
10 m non-polar guard. 1 µL of each sample was injected and the oven held at 90°C for 1.5 
minutes. Following this, the oven was raised to 250°C using a 25°C/min ramp up, then raised to 
313°C with a ramp of 1°C/min, and then 320°C with a ramp of 10°C/min. It was held at this 
temperature for 20 minutes. Duplicates of several samples, a blank, and a Hikurangi standard 
were run at regular intervals during this process to ensure consistency in sample measurements. 
Alkenone chromatograms were integrated using ChromeQuest software while n-alkane 
chromatograms integrated using ChemStation. Any samples with poor chromatogram quality 








Calculating Average Friction: 
 
Supplementary Figure C-5: Average friction calculated for each displacement. Average friction 
changes with displacement as at higher displacement Dth is a smaller fraction of overall slip and 
a greater amount of displacement occurs when the friction is lower, at its steady-state value. 
 
 
We calculated the average friction during slip using the relationship between thermal breakdown 
distance (!"#) and normal stress: 
!"# = 	&'()* 
Where & and + are experimental constants and '( is normal stress43. It is important to note that 
the average friction is going to be a function of displacement relative to Dth. Average friction 
during slip was calculated using the following equation for stress (,), which was established by 






, = 	 ,-- + /,0 − ,--23
) 4567  
 
Where ,-- is the steady state shear stress, ,0 is the peak shear stress, and 8 is the slip 
accumulated after !"#. Friction is calculated from , using the effective normal stress at 
Hikurangi. Values used in this calculation are shown in the table below. 
 
Supplementary Tables 
Supplementary Table C-1: Parameters used in calculation of friction during slip. 
Parameter Value Source 
Steady state shear stress 
(,--) 
0.7 MPa 
Ikari, in prep; Menghini, in 
prep 
Peak shear stress (,0) 1.5 Mpa Meneghini, in prep 
Normal stress ('() 2.4 MPa Wallace et al. (2019) 
Coefficient, a 0.39 Seyler et al. (2019) 
Coefficient, b 0.97 Seyler et al. (2019) 
Thermal breakdown 
distance (!"#) 
1.6 m Calculated, this study 
















PP2772 9H-3W 1518 59.04 8.1557 0.6881 0.0411 Hanging wall Drilling disturbance 
PP2778 18F-2W 1518 93.29 4.9687 0.6441 0.1334 Hanging wall Coarse turbidite 
PP2784 29X-1W 1518 153.685 7.8454 0.6931 0.0285 Hanging wall Drilling disturbance 
PP2785 29X-1W 1518 153.77 7.8724 0.6961 0.0501 Hanging wall Drilling disturbance 
PP2810 2R-23 1518 199.75 8.5608 0.7568 0.0114 Hanging wall Drilling disturbance 
PP2774 5R-1W 1518 226.485 6.8243 0.5957 0.0221 Hanging wall No obvious structures 
PP2776 7R-2W 1518 247.8 8.5278 0.5763 0.0195 Hanging wall Brittle deformation 
PP2802 9R-1W 1518 265.285 7.7659 - - Hanging wall No obvious structures 
PP2818 10R-2W 1518 276.3 7.8362 - - Hanging wall No obvious structures 
PP2817 10R-2W 1518 276.31 6.0321 0.5858 0.0217 Hanging wall No obvious structures 
PP2816 10R-2W 1518 276.312 7.9096 0.6538 0.0511 Hanging wall Brittle deformation 
PP2814 10R-2W 1518 276.367 - 0.6675 0.038 Hanging wall Brittle deformation 
PP2813 10R-2W 1518 276.368 7.1484 0.6614 0.0093 Hanging wall Brittle deformation 
PP2812 10R-2W 1518 276.375 7.3437 0.5628 0.0052 Hanging wall Brittle deformation 
PP2811 10R-2W 1518 276.395 6.0792 0.7227 0.0133 Hanging wall No obvious structures 
PP2805 11R-3W 1518 286.075 8.6768 0.5999 0.0235 Hanging wall Brittle deformation 
PP2800 12R-1W 1518 294.615 7.7319 - - Hanging wall No obvious structures 
PP2832 12R-3W 1518 296.69 7.7523 0.595 0.0864 Hanging wall No obvious structures 
PP2831 12R-3W 1518 296.7105 7.7645 - - Hanging wall Brittle deformation 
PP2830 12R-3W 1518 296.7255 6.1052 0.5379 0.0191 Hanging wall No obvious structures 
PP2799 13R-2W 1518 305.695 5.8741 - - Fault zone Highly deformed 








PP2834 13R-3W 1518 306.4305 7.6345 0.5873 0.0832 Fault zone Localized dipping layer 
PP2833 13R-3W 1518 306.45 6.9533 - - Fault zone No obvious structures 
PP2801 14R-1W 1518 313.85 5.777 - - Fault zone 
Interval of intense 
deformation 
PP2806 14R-1W 1518 314.185 6.5129 0.6035 0.0195 Fault zone Brittle deformation 
PP2782 14R-2W 1518 314.88 7.4742 0.5372 0.0234 Fault zone Brittle deformation 
PP2821 15R-3W 1518 324.565 8.0685 0.617 0.042 Fault zone No obvious structures 
PP2820 15R-3W 1518 324.579 - 0.6998 0.0014 Fault zone Brittle deformation 
PP2819 15R-3W 1518 324.58 7.384 0.6554 0.0933 Fault zone No obvious structures 
PP2781 16R-1W 1518 332.56 7.8609 0.5872 0.0414 Fault zone No obvious structures 
PP2823 16R-3W 1518 334.9575 7.719 0.5616 0.0317 Fault zone No obvious structures 
PP2826 16R-3W 1518 334.968 7.7771 0.644 0.0183 Fault zone Clay layer 
PP2825 16R-3W 1518 334.9715 7.4272 0.4823 0.0279 Fault zone Clay layer 
PP2824 16R-3W 1518 334.9735 7.1475 0.5023 0.0303 Fault zone Clay layer 
PP2822 16R-3W 1518 334.9775 7.0001 0.5862 0.0267 Fault zone No obvious structures 
PP2803 17R-1W 1518 341.82 5.5281 0.6925 0.053 Fault zone Ductile deformation 
PP2773 17R-3W 1518 343.745 5.9425 0.5794 0.041 Fault zone Ductile deformation 
PP2829 18R-2W 1518 352.82 7.1004 0.5192 0.0248 Fault zone No obvious structures 
PP2828 18R-2W 1518 352.8305 6.7801 0.6845 0.012 Fault zone Brittle deformation 
PP2827 18R-2W 1518 352.8405 7.2037 0.7019 0.0031 Fault zone No obvious structures 
PP2809 19R-1W 1518 357.1205 8.058 0.6875 0.0199 Fault zone No obvious structures 
PP2808 19R-1W 1518 359.18 7.6516 0.6354 0.0131 Fault zone Brittle deformation 
PP2807 19R-1W 1518 361.26 7.0932 0.6645 0.0024 Fault zone No obvious structures 
PP2775 22R-2W 1518 391.93 7.2658 0.6202 0.022 Footwall No obvious structures 
PP2783 25F-1W 1518 437.075 7.1692 0.5579 0.008 Footwall No obvious structures 







PP2779 29R-2W 1518 458.795 7.689 0.6913 0.0253 Footwall No obvious structures 
PP2804 32R-1W 1518 485.705 8.3078 0.4519 0.0163 Footwall No obvious structures 
PP2745 1H-4W 1520 5.215 4.8992 0.6291 0.0733 U1520 background Background 
PP2738 4H-2W (2) 1520 27.43 7.2942 - - U1520 background Background 
PP2740 4H-3W 1520 28.34 6.9304 - - U1520 background Background 
PP2719 8H2W 1520 65.575 6.6453 0.693 0.0076 U1520 background Background 
PP2734 11H-3W (2) 1520 95.375 6.6059 - - U1520 background Background 
PP2720 17H1W 1520 149.39 7.784 0.5749 2.0441 U1520 background Background 
PP2736 28F-1W (2) 1520 235.175 7.9877 0.6536 0.0021 U1520 background Background 
PP2744 33X-4W 1520 266.105 2.9641 0.681 0.0202 U1520 background Background 
PP2743 35X-2W 1520 368.375 8.6108 0.6609 0.0176 U1520 background Background 
PP2742 39X-4W 1520 410.335 5.7293 0.6537 0.0313 U1520 background Background 
PP2741 42X-2W 1520 425.855 6.0067 0.5615 0.0335 U1520 background Background 
PP2721 45X1W 1520 453.25 6.6693 0.5923 0.0272 U1520 background Background 













Supplementary Figure D-1: Photos of some of the other faults used in this compilation. 
a) gouge layer and PSZ from the Muddy Mountain thrust, b) the Punchbowl fault core, c) black 
fault rock from the coseismically heated region of SAFOD displaying phacoidal surfaces 
abundant throughout this unit, d) is a particularly deformed region from the Pāpaku fault forming 









Supplementary Figure D-2: plots of frictional work against a) depth of faulting and b) event 
displacement. No clear relationship between either fault depth and frictional work is present, 




Muddy Mountain thrust 
The Muddy Mountain thrust is located in the Basin and Range province of southeast 
Nevada and juxtaposes Paleozoic dolostone above Cretaceous sandstones. Active during the 
Sevier Orogeny (~160 – 50 Ma) it extends over 210 km to the southeast where it becomes the 
Keystone thrust and has accommodated over 30 km of total displacement (Brock & Engelder, 
1977). It has a well-defined fault core (Supplementary Figure D-1a), which is structurally 
variable along strike. This variability includes differences in: the number of gouge layers, 
thickness of these layers, and lithology for example, the presence of chaotic gouge and breccia in 
some locations. Biomarker thermal maturity measurements made along eight transects crossing 
the fault core reveal that earthquakes of at least Mw 6 or greater have ruptured along the fault and 








The Hikurangi subduction zone extends offshore northeast of the North Island of New 
Zealand and accommodates convergence between the Pacific and Australian plates. Large 
earthquakes occur here, along with slow slip events at ~ 10 – 15 km and 40 km depth (Wallace & 
Beavan, 2010). Numerous splay faults in the hanging wall are present along the margin, 
including the Pāpaku fault, which was cored during IODP EXP 375. The Pāpaku fault extends 
from the megathrust at depth up to the sea floor and has hosted ~6 km of displacement. It is a ~ 
60 m thick fault zone that consists of distributed brittle and ductile deformation that includes 
faulting, folding, pinch-and-swell structures, and flow banding  (Supplementary Figure D-1d; 
Fagereng et al., 2019; Wallace et al., 2019). Five locations within the fault zone and hanging 
wall show biomarker evidence of coseismic slip (Coffey et al. in prep). The sample within the 
hanging wall occur occurs in an interval with multiple localized slip layers and abundant 
fracturing. The four in the fault zone occur in deformed silts demonstrating evidence of mixed-
mode deformation mechanisms.  
 
Central San Andreas fault 
 The San Andreas fault in California demonstrates variable slip behavior along its length. 
The northern and southern sections are locked and have hosted large earthquakes in the past, 
while the central section is actively creeping and considered stable (Thatcher, 1975; Titus et al., 
2006; Zielke et al., 2010). It is a complex, broad zone of deformation spanning a width of ~ 250 
m, offsetting Salinian granites from Great Valley Sequence shales and siltstones (Zoback et al, 
2011). Core was collected across ~ 42m of the fault zone from the San Andreas Fault 






actively deforming Southern and Central Deforming Zones (SDZ and CDZ). SAFOD was 
sampled for biomarker thermal maturity measurements and these show that the central San 
Andreas fault is not stable and has experienced many earthquakes in the past (Coffey et al., 
submitted). Earthquakes occurred immediately southwest of the SDZ in a ~ 3.5 m wide region of 
intensely-deformed ultracataclasite, described as a black fault rock (BFR; Supplementary Figure  




Exhumed from a depth of 2 – 4 km, the strike-slip Punchbowl fault is part of the San 
Andreas Fault system that is located north of Los Angeles. It has hosted 40 – 50 km of offset 
between metamorphic basement rocks (gneiss and schist) and the Punchbowl formation 
sandstone (Chester & Chester, 1998). The fault core is exposed in two locations, here we focus 
on the northern exposure where more displacement has occurred (Chester & Chester, 1998) and 
biomarker thermal maturities have been measured (Polissar et al., 2011; Savage & Polissar, 
2019). In the northern exposure the fault core consists of two ultracataclasite layers each derived 
from the adjacent wall rock, which sandwich a 1 – 2 cm-wide PSZ that demonstrates thermal 
maturity evidence of coseismic slip ( Supplementary Figure D-1b; Savage & Polissar, 2019). 
 
Japan Trench 
 Accommodating the westward subduction of the Pacific plate beneath Japan, the Japan 
trench extends offshore, along the eastern edge of the island of Honshu. It ruptured during the 






trench, destructive tsunamigenesis (Fujiwara et al., 2011). Numerous slip layers have been 
identified from biomarkers in a core collected during JFAST (Japan Trench Fast Drilling Project; 
Figure 2c; Rabinowitz et al. 2020). This sampled mudstones and clays within the area of 
maximum slip during the Tohoku-Oki event. Biomarker thermal maturity measurements have 
shown that each of these layers have hosted earthquakes with displacements of at least 10 m 
(Rabinowitz et al., 2020). 
 
Pasagshak Megathrust 
 The Pasagshak Megathrust is a remnant of Alaskan subduction in the Paleocene 
preserved in the Kodiak accretionary complex. It extends along the coast of the Pasagshak 
Peninsula, and accommodated faulting at 12 – 14 km depth within the mélange of the 
accretionary complex that contains blocks of argillite and sandstone within an argillaceous 
matrix (Meneghini & Moore, 2007). Horizons of black fault rock consisting of pseudotachylyte 
and ultracataclasite occur across the fault zone in varying number and thickness along fault 
(Figure 2d). Biomarker measurements, which demonstrate increasing thermal maturity with 
proximity to pseudotachylyte, and pseudotachylyte provide temperature constraints for estimates 
of frictional work (Savage et al., 2014).  
  
Gole Larghe Fault Zone 
 The strike-slip Gole Larghe fault zone (GLFZ) occurs in the Adamello Batholith of the 
Italian Alps. It was active 30 Ma at a depth of 9 – 11 km and offsets tonalities of the Avio pluton. 
The fault zone is made up of a series of millimeter – centimeter-scale cataclasite and 






Pennacchioni, 2005). These fault rocks formed in pre-existing sub-parallel joints that formed 
during cooling of the batholith (Giulio Di Toro & Pennacchioni, 2005). They are separated by 
damaged but relatively intact host rock and not highly damaged fault core; therefore, each 
pseudotachylyte-gouge layer is considered as a distinct fault core within the GLFZ. Each of these 
formed during an earthquake and most have been interpreted to have hosted only a single event 
(Pittarello et al., 2008). 
 
Nojima 
Located in southwest Japan, the transpressional Nojima fault offsets granite against 
sandstone and was active at 3 km depth, accommodating 40 – 62 m of displacement (Lin, 2018; 
Otsuki et al., 2003) It has a 20 cm-wide fault core that consists of a layer of cataclasite derived 
from the granite wall rock, soft clay gouge, a series pseudotachylyte bands that are less than a 
\few millimeters in thickness. These fault rocks are made up of bands of pseudotachylyte, less 
than a few millimeters in thickness. Each pseudotachylyte band is accompanied by a very fine 
layer of gouge and interpreted to represent a single earthquake event, where each event forms a 
new layer of pseudotachylyte adjacent to the last (Otsuki et al., 2003). 
 
Skeeter 
 The Skeeter is one of a series of strike-slip faults within plutonic rocks of the Sierra 
Nevada. It consists of a relatively continuous fault, with varying thickness of up to 35 cm (J. D. 
Kirkpatrick & Shipton, 2009a). It has accommodated up to ~ 80 m offset and was active at a 






found where the slipping layer is narrowest (0.25 – 10 mm), it is mostly a continuous strand but 
it does branch into two strands at one location.  
 
Methods 
Biomarker thermal maturity measurement 
Samples were then crushed and extracted using a Dionex Accelerated Solvent Extractor 
(ASE-350) with 9:1 DCM:methanol at 1500 psi and a temperature of 100°C for 3x5 minute static 
cycles to isolate the total lipid extract (TLE). 5a-androstane, 1-1’ binapthyl, and stearyl stearate, 
was added to each TLE as a recovery standard. The resulting solution was then evaporated with 
nitrogen, transferred to 4 mL vials, and brought up in 0.5 mL of hexane. Silica gel column 
chromatography was used to separate the TLE out into distinct fractions. 0.5 mg of silica gel and  
5-inch Pasteur pipettes were used. Each sample was loaded onto a pipette using hexane before 
the aliphatic was eluted with 4 mL of hexane, the aromatic/ketone fraction eluted using 4 mL of 
dichloromethane, and the polar fraction eluted using 4 mL of methanol. The aliphatic and ketone 
fractions, which contain the n-alkanes and alkenones respectively, were brought up in 0.25 mL 
of hexane, transferred to 2 mL high-recovery vialsm and diluted to 100 µL. 1 µL of each 
aliphatic fraction was injected and analyzed on an Agilent 7890A gas chromatograph with a 
5975C mass selective detector (GC-MSD) equipped with a multi-mode inlet (MMI, deactivated 
single-taper liner with wool packing) and DB-5ms column (30 m length, 250 µm i.d., 0.25 µm 








Thermal modeling  
 To constrain the temperature rise associated with a given high MPI4 and CPI, heat 
generation and diffusion equations (Carslaw & Jaeger, 1959; A. H. Lachenbruch, 1986) for a 
fault are coupled with the reaction kinetics for MPI4 and CPI (Rabinowitz et al., 2017; Sheppard 
et al., 2015). The adiabatic temperature rise that occurs depends on properties of the fault zone, 
inside the fault zone it is as follows: 
 















H       (D-1) 
 
where x is distance from the midpoint of the fault, t is time, t* is the duration of the event, I is 
shear stress, v is slip velocity, a is the half-width of the slip layer, J is density, c is heat capacity, 
K is thermal diffusivity, and 6/789: is the second integral of the complementary error function. 
C(L) is the Heaviside function evaluated for L = ( − (∗. Parameters used in this calculation can 
be found in Supplementary table A-1. Outside of the actively slipping layer, temperature rise is 
described as: 
 















H             (D-2) 
 
Temperature profiles are then coupled with biomarker reaction kinetics  (Rabinowitz et al., 2017; 






approach is used to propagate uncertainties in the reaction kinetics and the and uncertainties in 
fault thickness and friction. We can then identify the MPI4 and CPI profiles that best fit core 
measurements and the extraction of possible coseismic temperatures. 
 
Supplementary Table D-1: Thermal and fault parameters used to model heating in the faults 
measured here 
Fault cp (J/K.kg) N (s
-1) O (kg/m3) z (m) µ 2a (mm) Reference 
Spoleto 833 1.1E-06 2700 2500 0.1 - 0.35 0.3 - 1 
Collettini et al. (2013), 
Waples & Waples, 
(2004) 
Marin 860 0.9E-06 2700 6000 0.1 - 0.2 1 - 4 
Robertson (1988), Di 
Toro et al. (2011), 
Regalla et al. (2018), 
Waples & Waples 
(2004) 
Nankai 910 1.00E-06 2000 380 0.2 - 0.5 0.1 - 1 
Saffer et al. (2017), Di 
Toro et al. (2011), 
Waples & Waples 
(2004) 
Hundalee 775 1.3E-06 2600 1000 - 10000 0.1 - 0.4 10 - 20 
Williams et al. (2018), 
Waples (2004) 
 
In most of these faults shear stress and displacement are unknown, we use a range of 
reasonable shear stress values calculated using estimates of depth and a uniform distribution of 
friction between peak and steady state friction estimated from the literature. A uniform 
distribution of displacements is also used to model the possible events on the fault. In the case of 
the Hundalee fault, we have estimates of displacement from the Kaikoura sequence but we do 
not know the depth that these faults are active so we use a uniform distribution of depths along 







Estimating the total earthquake energy budget 
When putting broad constraints on the earthquake energy budget we use Figure 5 and fit 
a line of best fit to the fracture, radiated, and frictional energy and sum the energies at each 
displacement. We fit fracture energy with two lines as it is evident that there is a change in 
gradient for smaller events with displacements of 0.8 m and smaller. These lines of best fit used 
to calculate the total energy are shown below in Supplementary Figure 3. The equations for each 
line of best fit are as follows: 
 
For fracture energy (EG) for displacements (d) < 0.8 m: 
PQ = 1.487UV − 0.537U            (D-4) 
For displacements > 0.8: 
PQ = 5.287UV − 4.197U            (D-5) 
For radiated energy (Er): 
P[ = 7.877UV − 0.737U            (D-6) 
For frictional energy (EF): 







Supplementary Figure D-3: Energy compilation demonstrating the lines of best fit used to 
estimate total energy at each displacement. 
 
 
 
 
